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INTRODUCTION.

The swimbladder, or air-bladder, of a fish is situated dorsal
to the ccelom, between the alimentary canal and the vertebral
column. It is a membranous sac containing the atmospheric
gases. On a portion of the surface of the bladder there is a
vascular and glandular area, known as the refe mirabile, or *'gas
gland,” or “red gland.” Embryologically the swimbladder
arises as a diverticulum from the dorsal side of the alimentary
canal. The primitive connection may be permanently retained
as a tubular canal, called the ductus pneumaticus, or it may be
entirely absent in the adult. Because of this variation the
teleostean fishes have been grouped into two divisions—
the Physostomi, characterized by the retention of the duct,
and the Physoclisti, in which the duct is absent in the adult.
In the former group are included the carp, salmon, and eel; in
the latter, the cod, bass, and perch. The basis for this distinc-
tion between the two groups, however, is far from invariable and
many exceptions occur in both.

The variety of functions performed by the swimbladder is
perhaps greater than that of any other organ possessed by fishes.
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Among the important functions assigned to the swimbladder
are: (1) phonation, or sound producing; (2) respiration; (3)
accessory audition; (3) hydrostatic activities.

The respiratory function is believed by most scientists to be
important only in a few species. The sound-producing function
also has been demonstrated in a limited number of species.
Apart from the function of phonation, the swimbladder occasion-
ally becomes subservient to the auditory organ, with which it
may be connected directly or through the interpolation of
certain modified parts of the anterior vertebree. The most
important function of the swimbladder is hydrostatic, by virtue
of which a fish possesed of such an organ is able to alter the
amount of contained air and consequently its own specific
gravity, so as to be in equilibrium with the surrounding medium
under varying pressures.

The investigations to be described in this paper began during
the summer of 1921 while the author was in the employ of the
United States Bureau of Fisheries. From results obtained that
summer and from suggestions gained from Dr. A. S. Pearse, it
was thought worth while to continue the study of the functions
of the swimbladder. Pearse (1920) had previously shown that
the swimbladder gases change in percentage, oxygen becoming
less, when perch are kept in water containing small amounts of
dissolved oxygen. An attempt was first made to ascertain
how important this fact might be in explaining how fishes are
able to go into regions where the oxygen is extremely low or
entirely absent and live for several hours. The problem devel-
oped from that work and was finally extended to cover other
functions which the swimbladder might perform. The experi-
ments were restricted to yellow perch, Perca flavescens (Mitchell);
large mouth black bass, Aicropterus salmoides (Lacépéde); and
carp, Cyprinus carpio (Linncus); A few comparisons were
made with other species inhabiting LLake Mendota.

HISTORICAL.

The role that the swimbladder plays in the life of fishes has
attracted the attention of investigators for a long time. Aristotle
believed the organ to function chiefly in the production of sounds.
Borelli (1680) was perhaps the first to attribute to the swimbladder
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an hydrostatic function. He maintained that the fish possessed
a volitional control over the size of the swimbladder—being
able to compress or distend the bladder at will. Delaroche
(1807) opposed the views of Borelli but advanced an hypothesis
similar to it in many respects. Moreau (1877), however,
maintained that he had disproved both these hypothesis.
Delaroche was among the first to show that an exchange of gas
probably occurred between the swimbladder and the blood.
He did not consider the former an organ of respiration however.

Biot (1807), Provencal and Humboldt (1809) showed by
analysis of the air in the swimbladder that the mixture frequently
consisted almost entirely of oxygen, the percentage of oxygen
increasing in relation to the depth of the water in which fishes
lived. Moreau (1877) in his classical work of the function of
the swimbladder proved by ingenious experiments that many
of the ideas prevailing before his time were erroneous. He
showed that this organ serves to equilibrate the body of the
fish with the surrounding water at any level. He demonstrated
that such adjustment is not accomplished quickly, and that the
fish, therefore, does not use his muscles in regulating the volume
of the swimbladder. Moreau’s experiments also convinced
him that the gas is secreted into the swimbladder. About the
same time Johannes Miiller (1842) took up the problem. Although
many of his views have later been shown untenable, they served
as an incentive to other investigators. He stated that the gas
entered the swimbladder by secretion from the blood.

Several views have been held concerning the origin of gases
in the swimbladder. The different theories can be classified
into two distinct categories: (1) Those that hold that the gases
are derived directly from the atmosphere, attributed first to
Redi (1684); (2) and those that maintain that these gases are
derived more or less directly from the blood stream (a descendant
of Needham’s secretory theory).

The first view has been given up by most modern investi-
gators, although Thilo (1906) has persistently contended that
the blood of fish is not sufficient in quantity to supply the amount
of gas found in the bladder. He asserts that in all cases the
bladder-gas must be procured by the fish directly from the

atmosphere. Objections are easily found to Thilo’s hypothesis.
6
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For example the percentage composition of the three gases,
nitrogen, oxygen, and carbon dioxide, is quite different in the
swimbladder from that present in the atmosphere. Thilo does
not explain how the degeneration of the ductus pneumaticus
in the Physoclisti can be correllated with their ability to change
their specific gravity.

The second class of theories contains three distinct views as
to how the bladder-gases are derived from the blood stream:
(1) those which suppose that the blood gives up its gaseous
constituents more or less directly to the bladder, the gas passing
directly from the blood into the bladder lumen; (2) those that
suppose that the gas gland is a pumping organ that is able to
force gases from the blood into the swimbladder gland; and
(3) those that hold that the gases of the swimbladder are derived
from the cytoplasmic decomposition of the gas gland cells.

The first view which is often associated with the name of
Moreau (1877), is now quite out of date, although references
are often made to it in textbooks and other works of general
nature. The second and third views are still current and have
excited much controversy. Both of these suppose that the gas
gland is the special organ which extracts the gas from the blood.
They have been held for several years with great tenacity by
schools represented by Jaeger, and opposed by the adherents of
Nusbaum and Reis.

Jaeger (1904, 1908) holds that the gas gland is primarily a
pumping apparatus, an apparatus for pumping the gases con-
tained in the blood into the swimbladder cavity. He further
supposes that the disintegration of a certain percentage of red
blood corpuscles is effected by secretions from the gas gland cells
—a toxin being poured into the blood for this purpose.

Nusbaum (1907) and Reis (1906) as a result of extensive
studies of the cytology of the gas gland have formulated certain
peculiar views as to its functions. They contend that gas bub-
bles are produced by actual decomposition of the substance of
the gas gland cells, just as gases are produced by putrefaction.
They also believe that erythrocytes are taken into the cells of
the gas gland and decomposed, oxygen being liberated and used
for such decomposition. There are many objections to such
a theory. For example, nitrogen is not known to be formed by
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decomposition and yet a large percentage of the swimbladder
air is usually nitrogen.

Woodland (1911) attempted to compromise the Jaeger-
Nusbaum controversy. He assumed that a lysin was secreted
by the gas gland cells. This he supposed to hemolyse the
erythrocytes and thus liberate oxygen which the gas gland cells
could hold and thus force into the swimbladder lumen. Wood-
land refuted his own hypothesis in the following year however’
(1912) and concluded ““that hemolysis does not occur in the gas
gland,” but he offered no suggestion as to how gas does enter the
swimbladder. It is obvious that a more or less continual hemo-
lysis or a disintegration of the erythrocytes would be a severe
drain on the blood, and it seems probable that some other
explanation, more economical for the organism, could be found.
The writer attempts to furnish such an explanation in the
present paper.

GENERAL METHODS.

In the study of the functions of the swimbladder of fishes
reported in the following pages the attempt was made to employ
standard biochemical and physiological methods. In many
cases, however, special apparatus was needed. Such apparatus
was devised and is described in connection with the respective
experiments.

In the analyses of the composition of the gases within the
swimbladder, the Haldane (1912) gas analysis apparatus was
used; the Newcomer (1919) modification being found to be the
most convenient form. A burette holding five cubic centimeters
was used instead of the one with the usual ten cubic centimeter
capacity, for the reason that the quantity of gas obtainable
from the swimbladder is, in most of the fishes used, less than ten
cubic centimeters. The sample was drawn from the fish into
a five cubic centimeter sampling tube (Fig. 1.) The sampling
tube S connected with a levelling tube L and a hypodermic
needle I7 were filled with mercury. The hypodermic needle
was thrust through the body wall directly into the swimbladder.
The stopcocks were opened, the levelling tube lowered, and the
gas thus drawn into the sampling tube. The stopcocks were
then closed. The samples were introduced into the gas analysis
apparatus the same day and analyzed in the usual manner.
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The methods for determining gases in water were similar to
those described by Birge and Juday (1911). Many of the experi-
ments were conducted in the field in order to study the fishes
in their natural habitats. Samples were taken from a boat and
although at first this seemed somewhat inconvenient, it was
later found that little difficulty accompanied the operations.
Temperatures, soundings, etc., were recorded at the time the
experiments were performed.

Fi1Gc. 1. Swimbladder gas collecting tube.

THE NORMAL CoOMPOSITION OF GASES IN THE SWIMBLADDER.

It was of course important to know the normal composition of
the gases in the swimbladders of the species under investigation.
The gases vary with the species, with the dissolved gases in the
surrounding media, with varying temperatures and pressures,
and apparently with other factors that are not yet understood.
Probably, also, the degree of salinity of the water, the season
of the year, and the physiological condition of individual fishes
(influenced directly or indirectly by factors already mentioned)
act to produce variations in the composition of the gases found
normally in the swimbladder of any particular species.
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An attempt was made to study the normal composition of the
gases of the swimbladder of several species of fishes under as
nearly natural conditions as could be obtained. Fishes were
caught in gill nests and traps and were immediately conveyed and
transferred to a wire cage sunk near the surface of the water in
Lake Mendota. The location of the cage was previously tested
for its suitability. The fishes were left in this cage from 48
to 72 hours. Samples of air content of the swimbladder were
then taken by methods already described. The amounts of
dissolved gases, temperature, and depth, were recorded at the
time the samples were taken. The results are summarized in
Tables I. and II.

TaBLE I.
NORMAL PERCENTAGES OF THE GASES OF THE SWIMBLADDER OF PERCH AFTER

BEING KeEPT IN A WIRE CAGE FOR 72 HOURS IN LAKE MENDOTA.
SEPTEMBER, 192I.

Gases in Gases in
Water. Swimbladder.
~ —————————| Depth, [ Temp. |—
A S Meters. ¢,
Per Per
O:. COs. Cent. Cent.
Oa2. COa.
20 1 4.8 —2.53 .6 24.8 17.4 0.60
21 1 “ “ o ‘ 21.5 0.66
22 1 “ “ “ N 15.6 0.46
23 1 “ “ “ “ 16.8 0.60
32 4 4.8 —2.53 .6 24.8 12.9 1.15
33 4 “ o “ % 25.1 0.77
34 4 “ “ “ “ 21.8 1.03
35 4 ‘e o “ “ 22.3 0.96
36 4 b “ “ " 9.5 0.44
37 4 “ ‘ “ “ 23.0 0.62
38 5 4.6 —1.01 .6 22.0 28.0 0.86
39 5 “ “ “ “ 22.6 0.69
40 5 b “ o ; 17.4 0.53
41 5 “ “ “ “ 19.8 0.65
42 5 ‘“ ‘ “ ‘ 22.0 0.68
43 5 “ “ ‘“ ‘ 21.2 0.66
44 5 “ “ e " 22.0 0.62
45 6 5.8 +2.20 .6 23.0 18.8 0.63
46 6 . “ " - 24.0 0.58
47 7 “ o b b 25.4 0.45
48 7 “ “ s “ 17.2 0.60
49 7 00 w e % 135.2 0.66
50 7 “ “ N ¢ 20.8 0.39
51 7 “ o i “ 25.2 0.62
52 7 o . b b 23.3 0.43
53 7 - b b b 24.8 0.43
54 7 - “ . o 22.6 0.64
55 7 “ . " “ 10.3 0.34
Averages 5.1 0.30 .0 23.4 19.9 0.63
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TasLE II.

THE RESULTS OF ANALYSES OF THE SWIMBLADDER GASES OF VARIOUS SPECIES OF
F1sHES SEINED IN UNIVERSITY Bay, LAKE MENDOTA, NEAR THE SURFACE,
SEPTEMBER 12-14, IQ2I.

The dissolved gases ranged as follows: Oxygen = 3.8—4.0 c.c. per liter; Carbon
dioxide = 1.7-2.0 c.c. per liter. The temperature was 22.2° C,

Gases in Swimbladder.
Species. No.

Oa. COa.
Pickerel. . ... it e 1 42.9 2.10
Blue-gill. . ... o I 14.8 0.48
Sunfish. . oo ittt I 17.6 0.60
2 24.2 0.56
3 22.1 0.28

4 20 0.81
5 22.2 0.49
6 24.3 0.71
7 2I1.9 0.68
8 20.0 0.67
9 23.5 1.07
Largemouth black bass. . .................. I 19.2 0.52
2 22.4 1.00
3 25.7 0.86
Rockbass. . ....coveiiiiiiiiiiiiiainnn. I 20.4 0.86
2 21.5 1.06
3 Zneo 0.31
4 21.3 0.97
5 20.4 0.64

At different times during the year, fishes were taken from
tanks in the laboratory and the gas content of their swimbladder
analyzed for the purpose of controls for various experiments.
The tanks were supplied with water pumped from LLake Mendota.
The water was well aerated before it was introduced into the
tanks, because that coming directly from the pipes was super-
saturated with atmospheric gases. The fishes were kept for
long periods of time in these tanks in apparently good condition,
although for most of the experiments fishes were used that had
been brought in from the lake within a period of from 1o to 14
days. The results of the analyses of apparently normal fishes
taken from laboratory tanks are summarized in Table III.

It is shown that the normal compositions of gases in the
swimbladder of perch was 19.9 per cent. oxygen and 0.63 per cent.
carbon dioxide when the fishes were kept in a normal environ-
ment.
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TasLE III.

THE RESULTS OF ANALYSES OF THE SWIMBLADDER GASES OF VARIOUS FISHES
KEPT IN LLABORATORY TANKS.

The temperature varied from 20 to 23 degrees centigrade. August and
September.

Dissolved Gases Gases in
c.c./liter. Swimbladder.
Species.
Per ‘Per
O:. CO:. Cent. Cent.
Oa. COa.
Small mouth Black Bass ... 5.5 N 18.9 22.3
SR 0000000000000ac000 6.3 N 5.4 4.35
Carp. .o v v eiiiiniiienn 4.93 4.5 4.2 2.5
4.93 4.5 3.8 3.1
4.93 4.5 2.6 3.7
4.93 4.5 3.2 2.8
5.5 N 7-3 5-4
5.5 N 12.7 5.7
5.5 N 7.6 4.5
55 N 7.9 4.3
4.6 N 5.3 5.8
5.4 N 4.9 3.0
5.3 N 1.8 0.8
39 .76 7.4 3.3

Tur Erricts oF OXYGEN DEFICIENCY.

Pearse (1920) showed that perch, even though they are able
to recognize the proportion of oxygen and carbon dioxide in
water, enter regions where conditions are unfavorable for respira-
tion and may remain there in oxygen-free water for as much as
two hours without dying. He also showed that the oxygen
supply of the swimbladder was depleted when the fishes were
subjected to waters of low oxygen content. On his suggestion
further investigations were carried on during the summer of
1921.

A search was made, in Lake Mendota, for a region of low
oxygen. Such an one was found at the mouth of University
Creek, in University Bay. This creek empties into the southern
end of the bay in shallow water behind a bar. During the sum-
mer months a thick covering of duckweed (Lemna and Wolfia)
may be found there. The position of this plant covering is
governed by the direction of the wind, but whenever a wind
from the North, Northwest, or Northeast is blowing, or when
there is little or no wind, one may prophecy with a fair degree
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of assurance that the mouth of University Creek will be covered
with a mat of this duckweed which prevents the processes of
photosynthesis from going on below. Thus a region of very
low oxygen is produced.

A wire cage, three feet high, three feet wide, and three feet
in length, was sunk in this region. The experimental fishes
were placed in this cage, having been previously kept in a cage
of similar dimensions in regions of more normal oxygen content.
The fish were left in the cage from one to two hours as recorded
in Table IV., which shows the results of the experiments.

Another series of experiments was carried on in the laboratory.
A large still of thirty-five gallons capacity, loaned by the Wiscon-
sin State Prohibition Commissioner, was used for obtaining
oxygen-free water. The water was brought to the boiling point
and siphoned through a series of condensers. The water was
conveyed directly from the condensers to an aquarium which
was kept at the same temperature as the water in which the fish
were accustomed to live. Fishes were placed in this aquarium
and removed at intervals. The gaseous content of the swimblad-
der and the amount of dissolved gases in the water were deter-
mined from samples taken simultaneously. The results of
these experiments are shown in Table V. Control fishes were
kept in aquaria at the same temperature and where other con-
ditions were as similar as possible to that in the aquaria where
fishes were subjected to low oxygen. The swimbladder analyses
of ten controls averaged 16.0 per cent. oxygen and 0.74 per cent.
carbon dioxide.

The results of these experiments show that when perch were
subjected to water of low oxygen content in Lake Mendota
averaging 2.1 cubic centimeters per liter, the percentage of
oxygen decreased, and was 12.1 per cent, as compared with the
normal of 19.9 per cent. When perch were subjected to water
containing extremely small amounts of oxygen, averaging 0.67
cubic centimeters per liter, in aquaria in the laboratory, the per-
centage of oxygen in the swimbladder decreased and was 9.78
per cent. as compared with normal controls having 16.0 per cent.
oxygen.

These results lead one to speculate concerning to what extent
the ability of the fishes to re-absorb oxygen from the swimbladder
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explains how such fishes are able to go into regions of low oxygen

content and live for several hours.

The question can be

answered tentatively by certain theoretical considerations. A
normal perch of average size has a swimbladder capacity of

TABLE IV.

ANALYSES OF THE GASES OF THE SWIMBLADDERS OF PERCH SUBJECTED TO WATERS
oF Low OXYGEN CONTENT, IN A WIRE CAGE IN LAKE MENDOTA.
SEPTEMBER 7 TO 15, 192I.

Gases in Water.

Gases in Swimbladder.

Depth, Temp.,
No. Meters. S Per Per
O:. CO.. Cent. Cent.
Os. COa.
56 0.85 +15.4 0.7 22.0 17.4 1.37
57 “ “ B “ 17.2 1.63
58 “ o “ “ 16.5 1.20
59 o " “ “ I11.0 1.17
60 “ “ “ N 15.4 1.36
61 “ o “ “ 18.2 2.45
62 o “ o “ 19.0 2.04
63 1.0 +11.6 o 21.0 14.0 1.79
64 “ “ - “ 9.8 1.57
65 “ o “ ‘ 160.3 1.25
66 “ o “ “ 12.2 2.93
67 “ “ " ‘o 7.3 1.00
68 " a “ “ 11.3 0.89
69 “ “ “ “ 10.8 1.03
70 “ “ ¢ “ 9.5 1.37
71 1.45 +10.1 “ 21.8 13.8 2.04
72 “ o ‘3 ‘o 21.3 1.76
73 “ e o 2 12.8 1.86
74 “ “ “ . 13.8 2.00
75 “ “ ‘ - 207 1.89
76 - “ “ ‘ 15.7 2.62
02 1.6 +r10.1 0.8 10.1T 6.3 1.47
93 * “ b o 15.5 0.73
94 “ “ ‘ e II.I 1.81
95 . “ . - 9.0 1.39
96 N “ g “ 8.0 1.49
97 " b b b 7.9 1.41
08 “ £ “ &0 8.8 1.23
09 “ ‘ i “ 0.2 1.21
100 “ " 8 “ 11.9 2.03
109 4.1 +12.6 ‘ 18.0 14.5 1.48
110 “ “ “ “ 8.7 1.05
I11 “ ‘ “ “ 8.0 1.37
112 » “ " “ 7.0 1.28
113 B “ ‘ ‘ 7.6 1.I9
114 “ B “ h 12.7 1.48
115 “ N “ e 5.0 1.24
116 “ o “ “ 7-5 1.43
117 “ “ “ o 8.6 1.44
Averages 2.1 +11.9 0.74 20.2 12.1 1.54
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TABLE V.

ANALYSES OF THE GASES FROM THE SWIMBLADDERS OF PERCH SUBJECTED TO
WATER OF Low OXGYEN CONTENT.
Experiments were performed in a laboratory aquarium. Water made oxygcn-
free by boiling and fishes were left in it for varying periods of time. N indicates
normality, i.e., no free carbon dioxide.

Dissolved Gases
Gasses in

in Water. . Swimbladder.

No Date, Temp., | Time,

. 1922, °C. Hrs.
Per Per
Oa. COq. Cent. Cent.
Oaz. CO:s.
1 March 20 0.7 N 7.0 5 0.8 1.40
2 20 0.7 N 7.0 5 6.9 1.34
3 ‘20 1.0 N 6.0 6 12.2 2.08
4 26 1.0 N 6.0 10 16.8 2.30
5 April 1 1.1 N 6.0 5 13.3 2.40
6 “ 1 1.1 N 6.0 8 18.8 5.40
9 “ 2 0.8 N 6.0 6 5.4 2.50
8 ‘ 2 0.8 N 6.0 9 15.4 2.40
[¢] “ 12 0.6 N 7.0 5 0.4 0.22
10 “ 13 0.7 N 7.0 6 7.8 0.62
II ‘ 16 0.7 N 7.0 3 16.4 0.92
12 " 16 0.7 N 7.0 3 8.0 0.31
13 ‘ 16 0.7 N 7.0 4 14.9 0.25
14 “ 16 0.7 N 7.0 4 5.4 0.12
15 “ 17 0.3 N 7.0 4 I11.2 0.38
16 o 17 0.3 N 7.0 4 2.85 0.12
17 * 17 1 03 N 7.0 4 5.9 0.55
18 o 18 0.3 N 7.0 4 2.8 0.14
19 ‘ 18 0.3 N 7.0 6 1.72 0.78
Averages. ... 0.67 N 6.7 5.3 0.73 1.27

approximately ten cubic centimeters. The average percentage
of oxygen was found to be 19.9 per cent. In other words the
actual amount of oxygen would be about two cubic centimeters.
From work on the rate of respiratory exchange in perch (to be
reported in a later paper) the oxygen consumption was found to
be 61.8 cubic centimeters per kilogram of weight per hour at
3° C. The average perch weighs somewhat less than 100 grams.
Thus the amount of oxygen required would be about six cubic
centimeters of oxygen per hour. The amount that the swimblad-
der could furnish is only a fraction of that amount. We must
conclude, therefore, that although the perch may draw on the
swimbladder for oxygen when in regions of low oxygen, the
amount that can be furnished to the blood by re-absorption is
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not enough to keep the fish alive for more than a fraction of an
hour. Some other explanation must be found for the reason
why fishes are able to survive for longer periods of time in
regions of low oxygen content.

EFFECTS OF PRESSURE.

That pressure would affect the percentage of gases in the
swimbladder of fishes has been long known. Biot (1807),
Provencal and Humboldt (1809) found that the amount of
oxygen in the swimbladder varied from 1 to 87 per cent., the
percentage increasing with the depth. The classical work of
Moreau (1842) showed that the fish accommodate themselves
to changes in pressure very gradually, and can live comfortably
at varying depths.

Only a few experiments are reported here to show that the
response of perch to pressure results in the same increase in
oxygen as reported by other investigators for other fishes. It
was observed that fishes caught in gill nets at a depth of nine
meters in Lake Mendota showed a much higher oxygen percent-
age than those caught near the surface. The averages of
nineteen perch caught at nine meters, during month of August,
1921, were:

Oxygen = 34.7 per cent., Carbon dioxide = 0.60 per cent.,
Nitrogen = 64.7 per cent.

The averages of twenty-eight perch kept at the surface in Lake
Mendota were:

Oxygen = 19.9 per cent., Carbon dioxide = 0.63 per cent.
Nitrogen = 79.5 per cent.

From the data of Birge and Juday (1911) the amount of dis-
solved oxygen at this season of the year was less at nine meters
depth than at the surface. Thus it appears that the cause of
this increase in the amount of oxygen in the swimbladder can be
attributed to pressure.

An apparatus was constructed in the laboratory to study the
effects of pressure as a factor in producing increase in the per-
centage of oxygen in the swimbladder, other conditions being
equal. A steam pipe, eight inches in diameter and thirty-six
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inches long, was closed at one end and fitted with a cap at the
other end. In this cap was fitted a glass window four inches
in diameter through which the fish could be observed. Pipes
running from the fourth floor of the Biology Building were
connected with this tank, one carrying water to the tank, one
carrying water away from the tank. The height of the overflow
pipe was approximately sixty feet above the tank. Thus a
pressure was obtained in the tank equal to that at a depth of
sixty feet in the lake, or at about two atmospheres greater than
at the surface. The fish could be very quickly removed and
samples taken for analysis.

Six controls that were kept in water containing the same
amounts of dissolved gases and at the same temperature as the
fishes subjected to pressure showed the following averages for
gases in their swimbladders:

Oxygen = 12.1 per cent., Carbon dioxide = 0.65 per cent.,
Nitrogen = 87.5 per cent.

The averages for seven perch under sixty feet of water pressure
at the end of ten hours duration were:

I

Oxygen = 18.5 per cent., Carbon dioxide = 0.50 per cent.,

Nitrogen = 81.0 per cent.

This shows that with an increased pressure the percentage of
oxygen is increased.

Tue ErrecTs oF INCREASED CARBON DIOXIDE.

Carbon dioxide is found in very small amounts in the atmos-
phere (0.08 per cent.). It is found more abundantly in water
on account of its ready solubility. The amount in the water,
however, is governed by the partial pressure of the gas in the
atmosphere. The free carbon dioxide dissolved in natural
waters is affected by photosynthesis and by organic decomposi-
tion.

Carbon dioxide is also found in natural waters in chemical
union. It is found in two states (Birge and Juday, 1911): that
united with a base in the form of normal- or mono-carbonate such
as CaCO; or MgCO; and is known as ‘‘fixed” or “combined”
carbon dioxide; and that which converts the monocarbonate
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into a bicarbonate, called ‘“half-bound’’ or “bicarbonate’ carbon
dioxide. The half-bound is of course not in such stable union
as the fixed. Although plants can make use of the bicarbonate
for photosynthesis it can be of very little importance to fishes.
It is only the free carbon dioxide that is considered in the fol-
lowing experiments.

The determination of carbon dioxide is not especially accurate
when done by titration methods and can not always be relied
upon for absolute results. Probably the most accurate method
is that of Pettenkofer’'s described and modified by Birge and
Juday (1911). Such a method was used in these experiments.

Carbon dioxide has a marked effect upon fishes. As in other
animals the physiological effect is that of a narcotic, stimulating
in small quantities and intoxicating in larger quantities. Carbon
dioxide and acids apparently produce similar effects when
judged by the behavior of fishes. Reuss (1910) working with
varying amounts of carbon dioxide upon rainbow trout found
that the effects were similar to those upon birds and mammals.
Shelford (1918) also showed that when individuals of several
species where dropped into water containing 168 cubic centi-
meters of carbon dioxide per liter, the first effect was one of
stimulation but in a few minutes fishes lost their power to per-
form correlated movements and died. Shelford also showed that
fish display a preference for low carbon dioxide and that they
react very definitely to amounts naturally found in ponds and
lakes. He concludes that the carbon dioxide content of the
water is the best single index of the suitability of the water for
supporting fishes.

A study was made of the effects of carbon dioxide in the sur-
rounding water on the gases in the swimbladders of perch. The
experiments were carried on in the laboratory. Carbon dioxide
gas was bubbled through a large carboy of water. A constant
flow of water was kept through the carboy to an aquarium con-
taining the experimental fishes. Individual fishes were removed
atintervals and analyses made of the swimbladder gases. Water
samples were taken at the same time. All the experiments were
begun by having normal lake water in the aquarium and gradual-
ly increasing the amount of treated water. The results are
shown in Table VI. In every case the oxygen and carbon
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dioxide in the swimbladder both increased as the carbon dioxide
in the surrounding water increased.

TaBLE VI.

ANALYSES OF THE SWIMBLADDER GASES OF PERCH SHOWING THE EFFECTS OF AN
INCREASED AMOUNT OF CARBON DIOXIDE IN THE WATER.
The perch were placed in an aquarium when the water was at the neutral point.
The carbon dioxide was gradually increased and the amount recorded represents
the amount dissolved in the water at the time a fish was removed for analysis.

Gases in Water. Gases in Swimbladder.
Temp., .

No. ° (. Time. Per Per
O:. COs.. Cent. Cent.
Oa. COeo.
1 10.1 + 13.7 8.5 3 hrs. 15.6 1.06
2 10.4 + 2I1.5 10.0 6 * 12.7 1.72
3 I1.7 + 35.4 10.0 o ' 17.7 1.64
4 12.4 +102.5 0.0 12 ¢ 15.3 7.15
5 II.1 +126.5 9.0 14 16.4 10.40
6 11.9 + 55.7 14.0 g © 15.8 4.08
7 16.5 + 72.3 12.0 4 * 14.8 5.80
8 16.5 + 03.5 11.5 6 15.6 6.60
[} 16.6 AP LG I1.0 8§ 14.8 8.035
10 17.5 —+110.0 11.0 10 ¢ 21.1 5.00
11 7.2 + 43.0 12.0 3 ¢ 16.1 2.25
12 7.2 -+ 60.0 12.0 4 17.9 4.30
13 7.6 + 83.5 12.0 5 * 18.1 B25
14 7.6 + 83.5 12.0 6 10.7 6.0

It was observed during the preceding experiment that fishes
would rise in the aquarium as the carbon dioxide was increased,
and this suggested that the specific gravity of the fish perhaps
changed. It may also be seen that the oxygen percentage
remained fairly constant, indicating that the volume was ap-
parently increasing. An apparatus was devised to determine
if the volume of the fish did actually increase. A diagram of the
apparatus is shown in Fig. 2. A large bottle C of three liters
capacity was sealed with a rubber stopper R; a three-way
stopcock S and capillary tubing connected the bottle with a
tambour 7. The tambour controlled a marker which recorded
on a smoked drum D any change in volume that might take
place within the bottle. The bottle was immersed in a constant
temperature water bath B. The bottle was filled with water
having the same temperature as that of the constant tempera-
ture bath which was of the same temperature as the water in
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which the fish was accustomed to live. This water contained
a normal amount of oxygen. The apparatus was tested several
times to make sure that no leak occurred and that no change in
volume took place when fishes and normal water were in the
bottle or when water containing large amounts of carbon dioxide
and no fish was used. There was no indication of any volume
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Fi1G. 2. Apparatus for determining the volume change in fishes. C, large
mouth bottle; R, rubber stopper; S, three way stopcock; T, tambour; D, drum;
B, constant temperature water bath.

change in any of these tests. Individual perch were placed
in the bottle, the water having previously been charged with a
small amount of carbon dioxide, the rubber stopper pushed
tightly into the aperture; the water rose and passed out through
the tube O, the stopcock was turned so as to connect the bottle
with the tambour. The drum was started and a record of the
volume change made.

A typical graph is shown in Fig. 4. It will be observed that
the most rapid changes took place within the first few minutes,
Is this response of the fish to carbon dioxide due to the acid
nature of the dissolved gas or to some other property? It is
evidently not due to the acid property, for when lactic acid is
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used instead of carbon dioxide the volume of the fish does not
increase, but on the contrary shows a decrease. Fig. 6 shows
a graph obtained when lactic acid was added to the water (1:1000).
The effects produced by the lactic acid is probably one of con-
striction of tissues caused by the acid; the effect of carbon
dioxide is probably due to diffusion of the gas into the swim-
bladder.
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F1G. 3. A graph to show comparisons of the dissolved gases in the water with
the gases in the swimbladder with variation of the dissolved gases. The swim-
bladder gases are expressed in percentages and the dissolved gases in cubic centi-
meters per liter. A single experiment is represented in the graph. Perch were
placed in an aquarium containing normal lake water and the carbon dioxide
gradually increased. The time intervals are expressed on the abscissa and the
amounts of the gases expressed on the linear scale of the ordinate.

The fact that fishes change their volume when subjected to
water containing high amounts of carbon dioxide may be of
ecological importance. In many lakes the amount of carbon
dioxide dissolved in the water increases with depth. The
oxygen decreases with depth and near the bottom may be
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entirely lacking. Both these factors make the bottom of a
lake less favorable for respiration than shallower regions. Of
course a high amount of carbon dioxide is toxic and the lack of
oxygen may lead to asphyxiation. In Fig. 6, the average carbon
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F1G. 4. A graph showing the volume change of a perch when placed in water
where dissolved free carbon dioxide was increasing. Time is recorded at two-
minute intervals.

dioxide gradient of Lake Mendota is plotted for the month of
August from 1906 to 1921. The data were obtained from records
kept by President Birge and Professor Juday. It can be seen
that the carbon dioxide gradual’y increases with depth and
averages about five cubic centimeters per liter at the bottom.
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F1G. 5. A graph showing the temporary decrease in volume when a perch
was placed in water containing lactic acid (1 : 1000). Time is recorded at two-
minute intervals.

At times it may be two or three times as great as this average
figure for Lake Mendota. Such an amount of carbon dioxide
may be sufficient to produce an increased volume in the fish and
cause t to rise above regions that might be unfavorable for
respiration. Shelford (1913) has shown that dissolved carbon
dioxide may be taken as an index for the distribution of fishes.
He ;Lttributes distribution to the results of behavior-regions
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high in carbon dioxide being avoided by the fishes. From the
experiments described in the present paper, it may be assumed
that such distribution is due, at least in part, to a more or less
automatic mechanism which operates so as to control vertical
distribution by altering specific gravity. Both these processes
are ordinarily adaptive and may operate simultaneously.

The results of these experiments show that when fishes are
subjected to increased amounts of dissolved carbon dioxide in
water, the carbon dioxide in the swimbladder increases and is
roughly proportional to that in the water. Fig. 4 illustrates
this point. Carbon dioxide produces an alteration in the specific
gravity of the fish, causing it to rise and escape from regions
which might be unfavorable for its existence.
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F1G. 6. A diagram to show the carbon dioxide gradients with depth in Lake
Mendota for the month of August from 1906—1920. The data were obtained from
Birge and Juday. The minus sign indicates alkaline water and the plus sign acid.

DIFFUSION AND SECRETION.

A fluid gives off gas to or takes gas from any other medium
with which it is in contact according to the relative pressure
of the gases. Dalton’s Law of Partial Pressures may be stated
as follows: in a mixture of gases each gas exerts the same pres-
sure as it would exert if it were alone present in the volume
occupied by the mixture. The pressure of each gas is called
its partial pressure.

It is believed by most physiologists that the inter-change of
gases during respiration is explained by the laws of physical
diffusion. The interchange of gases in the lungs has raised a
problem that has inspired considerable study. While many
physiologists have accepted the view that during the interchange
of gases in the lungs, the membranes between the blood and the
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alveolar air simply play a passive part, and physical diffusion
explains the respiratory exchange. However, this view has not
gone unchallenged.

Haldane and Smith (1896) claims that the tension of the oxy-
gen in the arterial blood may be higher than the pressure of oxy-
gen in the alveoli.  According to the physical theory of respi-
ration, if a permeable membrane separates two volumes of any
gas, or two solutions of any gas at different pressures, the mole-
cules of the gas will pass through the membrane in both directions
until the pressure is equal on both sides; 7.e., gas diffuses from a
point of high rension to one of low tension. Haldane maintains
that a secretory activity is associated with the function of the
lungs, which produces a higher tension of oxygen in the arterial
blood than in the alveolar air.

The analogy has many times been drawn between the gas inter-
change in the lungs and in the swimbladder of the fish. Bohr
(1894) punctured the swimbladder and removed gas. He found
that if the fish was then left in the water, the gas was rapidly
replaced, and, when he tapped the swimbladder a second time,
that the percentage of oxygen had greatly increased. Oxygen
may amount to between 60 and 80 per cent of the total gas after
such an experiment. Bohr found that this reaccumulation did
not take place if both vagi were cut and he ascribed it therefore to
direct secretory activity on the part of the swimbladder. Bohr
is inclined to endow the vagus nerves of the higher vertebrates,
including mammals, with an analagous regulatory influence on
the gaseous exchange in the lungs.

Starling (1920) strongly maintains that the lungs cannot be
considered analagous to the swimbladder. He says there is no
likeness between the thick secreting cells of the ‘“‘red gland”
which is apparently the gas-secreting part of the swimbladder,
and the thin structureless plates which separate the capillaries
of the lungs from the alveolar air.

It was considered necessary to repeat some of Bohr’s work
during the present experiments, using fresh-water fishes. Yellow
perch were used for the first series. Gas samples were obtained
by methods already described (p. 000). After the first sample
was taken the fishes were placed in the same tank in which they
had been accustomed to live. No changes in the amounts of
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dissolved gases were detected in the water during the experiments
A second gas sample was taken from the swimbladder after a
varying interval of time. A comparative record of the results
are shown in Table VII.

The large black bass and the carp were also used and the
results are summarized in Table VII.

TasLE VII.

RESULTS OF EXPERIMENTS WITH THE SECOND REMOVAL OF GASES FROM THE
SWIMBLADDER; THE DISSOLVED GASES IN THE SURROUNDING MEDIUM
WERE KEPT CONSTANT.

Gases in . Gases in
Swimbladder, | Duration of |  Swimbladder,
First Removal. | Time be- | Second Removal.
Sz No tween First
: : and Second
Per Per Removal in Per Per
Cent. | Cent. Hours. Cent. Cent.
Oa. COs. Oa. COa.
Smallmouth black bass. 1 18.9 2.22 24 36.2 4.02
2 36.2 4.02 24 46.0 3.20
3 18.7 1.15 48 46.0 5.54
Largemouth black bass I 20.0 1.48 24 20.7 1.72
2] 18.7 0.72 24 30.0 3.06
3 17.9 0.88 24 31.3 2.66
Yellow perch......... 1 13.1 0.70 12 16.1 .57
2 II.I 0.60 12 35.2 3.10
3 12.7 0.60 12 23.1 1.70
4 14.0 0.85 12 25.2 2.00
(O o S 1 4.2 2.5 7 4.8 1.45
2 3.8 3.1 7 4.8 0.60
3 8.0 4.3 48 10.7 3.16
4 5-4 5-1 24 5.7 5.10

The results show that the percentage of oxygen increases in
the bass and the perch when second sample is taken after an
interval of time. In the carp, however, only slight changes could
be observed. The carp has an open duct leading from the
swimbladder while the bass amd the perch have closed swim-
bladders. This is believed to be the explanation for the differ-
ence in the response of the two types to withdrawal of air from
the swimbladder.

It is apparent that the question of whether oxygen is trans-
ferred to the swimbladder by physical diffusion or secretion rests
on a knowledge of the partial pressures of the gases in the blood
and in the swimbladder. If one can know the partial pressures
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or tensions of the oxygen in the swimbladder and in the blood
coming to the swimbladder he will have the solution of the
problem. If the tension of the gases should be the same in the
swimbladder and in the blood coming to the swimbladder one
could but conclude that the gases were transferred by physical
diffusion, but if the tensions were not equal and should be
markedly greater on one side than on the other he would be
justified in concluding that an active secretion existed.

However, the determination of the gaseous tensions in the
blood presents considerable difhculty. It is necessary to bring
the blood in contact with gaseous mixtures containing various
proportions of the gas whose tension in the blood it is desired to
measure. By making various experiments a gaseous mixture
will be found with which the blood is in equilibrium. For such
determinations an aerotonometer is used. Because fish blood
is somewhat difficult to handle and because of the small amounts
that are usually obtained the aerotonometer has not been found
practicable. Another method has been devised which is very
similar in principle to that of the aerotonometer although
~absolute tensions can not be determined, but rather differences
in tensions. However, the results are definite and strictly
comparable.

A diagram of the apparatus used is shown in Fig. 7. An
equilibration chamber C, opening at one end through a single
way stopcock, I, and on the other through a three-way stopcock,
2, was connected to a levelling bulb, L, by rubber pressure tubing.
A vertical glass tube, G, was inserted in the rubber tube to make
visible the column of mercury within. The equilibration chamber
could be shifted so that the stopcock, 2, was down (position A)
or so that it was up (position B). T represents the position of
a test tube during the experiment and B a constant temperature
water bath surrounding the test tube.

Gas from the swimbladder of the bass which was known to
have a high oxygen tension was drawn into the equilibration
chamber, C, through a hypodermic needle, by filling the entire
apparatus with mercury previously and by lowering the levelling
bulb, L, with the equilibration chamber in position B until the
mercury column could be seen in the tube G.

Blood was drawn from the dorsal aorta of the bass under par-
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affin oil, care taken that the blood did not at any time come in
contact with the air. The blood was oxalated to prevent clotting.
The Van Slyke method was used for the determination of the
blood gases (Van Slyke and Stadie) (1921). Usually two
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F1G. 7. Blood gas and swimbladder gas equilibration apparatus.

determinations were made to insure accuracy. Following these
determinations, the test tube containing the blood was inserted
in the position shown in Fig. 7, T, (position A). Oil was then
drawn up into the tube, through O, to displace the air. The
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stopcock 2 was then turned to connect the equilibration chamber
with the test tube. The levelling bulb was then lowered and
the blood in the test tube drawn up into the equilibration chamber
C. The stopcocks were then closed and the chamber shaken
for several minutes until the gases in the blood and the swim-
bladder gases came into equilibrium with each other. The blood
was then allowed to run back into the test tube. Another
series of Van Slyke determinations were made. Constant
temperatures were maintained throughout the experiments. By
this method differences of tensions could be determined. For
if the analyses showed an increase or decrease in the determina-
tions before and after equilibration of the blood with the swim-
bladder they would denote a greater or lesser tension of the gases.
The results of the determinations are shown in Table VIII.

TaBLE VIII.

RESULTS OF EQUILIBRATION OF FISHES' BLOOD WITH SWIMBLADDER GaAS.

Air was previously removed from the swimbladder in order to stimulate secre-
tion. The gas composition recorded represents the percentages at the time the
blood was removed from the fishes.

Gases Normal Blood after Diff
in Blood, Equilibration, Vol SiEEL
Swimbladder. Vol. per cent. Vol. per cent. @l BT @G-
No.
Per Per
Cent. Cent. Oo. COo. Oa. COo. Oa.. COa.
Oa. COo.
Bass
1 46.0 5.54 3.08 20.9 5.74 20.9 +-2.66 o
2 30.0 3.06 4.74 22.2 6.47 22.8 +1.73 | +o0.6
3 32.7 3.40 4.60 21.8 6.41 21.8 +1.81 o
4 41.5 4.30 3.84 22.0 6.16 22.4 +2.32 | 4o0.4
Average | 37.5 4.08 4.07 21.7 6.20 22.0 +2.13 | -o0.25
Carp
1 4.92 3.00 4.75 8.85 3.07 8.6 —1.68 | —o0.25
2 7.40 3.32 4.40 12.4 4.82 12.4 +o0.42 o
3 1.80 0.75 4.68 0.15 3.02 9.15 —1.66 [}
4 5.35 5.80 2.84 10.2 3.05 10.8 4o0.21 | 40.6
5 6.10 3.87 4.62 I1.1 4.88 11.1 +0.26 o
Average 5.I1 3.35 4.26 10.34 3.77 10.41 —0.49 | -+o0.07

It will be observed that in experiments with the bass a greater
tension of oxygen existed in the swimbladder than in the blood,
indicating that an active secretion of oxygen takes place.
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In the carp, however, which has a duct from the swimbladder
opening into the pharynx, no such, tension difference could be
detected. Physical diffusion probably accounts for the passage
of gases to and from the swimbladder in this fish.

In the normal bass living at the surface, where little or no
depth changes are taking place, the percentage of the gases in
the swimbladder is probably controlled by simple diffusion.
For when determinations were made on such bass the tension
of the swimbladder gases and the blood appeared to be the same.
It is only when changes such as pressure made a rapid increase
of gases in the swimbladder necessary that secretion operated.

Discussion.

The results of this investigation show that in the swimbladder
of fishes an active secretion of gases exists, especially of oxygen.
There apparently is a regulatory mechanism by which fishes can
adjust their specific gravity to that of the environment, thus
enabling them to maintain themselves at any particular leve]
with a minimum expenditure of energy. What is this mechanism?
Gas secretion has been an extremely controversial subject,
especially when reference is made to the lung of the higher
vertebrates and the swimbladder has been considered by many
to be the homologue of the lung.

It is quite apparent that the gases of the swimbladder are
derived from the blood. Oxygen plays the more active réle in
this secretion and nitrogen, which is more inert, is more passive.
This at first may seem strange, but if a gas is to be secreted from
the blood or absorbed by the blood the advantages are obvious.
Oxygen can be easily obtained from oxy-hemolobin and can be
used up either by combination with reduced hemoglobin or by
oxidation of some reducing substance.

In the mechanism by which the swimbladder derives its
oxygen two provisions are necessary: first, the provision for
bringing the quantity of oxygen which is required; second, the
process by which the oxygen is transferred from the capillary
blood vessels to the swimbladder.
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The Swimbladder Gland.

If one examines the structure of the swimbladder of certain
fishes, at one region or another he will see a glandular structure
consisting of a thickened layer of epithelial cells. Below this a
more or less conspicuous area, red in color, is visible. This
“red body’’ and its contiguous epithelium is known as the swim-
bladder gland. To Johannes Miiller (1842) may be ascribed
the discovery of its true glandular nature. The mass of red
blood vessels of the red body, which has for years attracted the
attention of anatomists, was discovered by Redi (1684) and
described by him. Since his time it has been known by the
name of the rete mirabile.

Woodland (1911) made a very careful study of the structure
of swimbladder glands of many species of fishes. He describes
the gland as having two separate parts—the glandular epithelium
or gas gland and the rete mirabile. The rete may or may not be
contiguous with the epithelium. The glandular epithelium may
be a single layer or many layered. Woodland found that the
arterioles passing to the gland break up into capillaries which
come into intimate contact with corresponding venous capil-
laries from the venules coming from it. There was a free
anastomosing of the capillaries on the arterial side with those on
the venous side.

The capillaries were regarded for a long time as passive
endothelial filters with no muscle and therefore possessing no
independent contractility. Krogh (1920) has, however, proved
that the capillaries do possess the ability to contract. He has
also shown that when many substances are introduced into the
blood stream they have marked action on capillaries. Urethane
produces extreme dilatation of the capillaries and stasis. Oxygen
deficiency leads also to a marked capillary dilatation. Krogh
has adduced evidence, from an admirable series of experiments,
that the capillaries are normally kept tonically contracted by a
substance present in the blood stream. He believes that the
pituitary hormone is the substance that maintains the capillary
tone, and is present normally in concentration of about one part
in a hundred million or less. Krogh also maintains that oxygen,
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carbon dioxide and probably all crystalloids pass through the
capillary walls by purely physical diffusion.

It hardly seems necessary to go further into a discussion of the
many experiments that have been performed in this field. It is
apparent that when certain metabolic products are thrown into
the blood stream because of a heightened metabolism of a gland
an increased vascular dilatation ensues, producing a heightened
flow of blood to that gland. What application can be made of
this process in explaining the mechanism of gas transference in
the swimbladder of fishes? Before attempting to answer that
question it will perhaps be fitting to mention another means by
which the gland is able to regulate the supply of oxygen in
proportion to the needs.

A study was made of the structure of the swimbladder gland
of the yellow perch by the writer. It is located on the ventral
side of the swimbladder wall near the anterior end. The rete
mirabile is seen as a group of small fan-shaped tufts formed by
an artery and a vein. A thickened glandular mass of epithelium
surrounds the “red body.” Micro-photographs (Plate I) also
show the mass of capillaries and their terminations in the epithe-
lial cells of the gland.

The blood supply is arterial, coming from either the aorta or
the coeliac axis, and in some fishes different portions receive
blood from both sources. In the walls of the bladder the arteries
break up into the networks of the rete mirabile. From the rete
the blood passes to the body veins—postcardinal, hepatic, or
vertebral. It seems reasonable to conclude that this remarkable
distribution of the blood vessels furnishes an adequate means
of supplying the swimbladder with blood for the purpose of
secretion.

The second provision—the process by which the oxygen is
transferred from the capillary blood vessels to the swimbladder
is a more strictly physiological problem. It is evident that the
oxygen is first given to the cells of the rete mirabile and then
passes out the glandular cells into the swimbladder cavity.
This transference of oxygen from the red cell involves a chemical
breakdown of the oxy-hemoglobin in the first place, and, fol-
lowing this liberation of oxygen, a diffusion of gas occurs between
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the blood and the cells. In such a physiological system it is
necessary that a definite amount of blood should pass through
an organ; it must give a definite oxygen tension to the organ
and in so doing becomes reduced. The amount of that reduction
varies with the need of any particular organ. The question
arises—is there evidence that each or any organ of the body is
so far master of its own metabolism that it can force the vascular
system to give it the oxygen which it requires. Gaskell (1880)
stated this question years ago. Evidence has ever been increas-
ing since his time. Gaskell and other more recent workers
have shown that certain metabolic products, especially acids,
including carbon dioxide and lactic acid, have the power of
distending blood vessels. Dale and his colleagues (1911) have
also shown that beta- iminazolylethylamine, a body so closely
bound up with the physiology of protoplasm that it is liberated
by the splitting off of carbon dioxide from histidine, produces a
powerful dilatation of the blood vessels.

Barcroft (1914) and other investigators have shown that the
affinity of hemoglobin for oxygen is very sensitive to small
changes in acidity or alkalinity. The effect of an increased
acidity is to lessen the concentration of the oxygen which is
held in solution by the hemoglobin. Barcroft has also shown
that the influence of acids depends upon the change in the hydro-
gen ion concentration which they cause in the blood. Bohr
(1896) found experimentally that when the oxygen tension is low,
an increase in the carbon dioxide tension tends to dissociate
oxy-hemoglobin. Since these conditions prevail in the capil-
laries, the presence of carbon dioxide in increased amounts
facilitates the liberation of oxygen. Barcroft maintains that it
is the “reaction "’ of the blood that has the effect of varying the
dissociation of oxygen from oxy-hemoglobin. The more acid
the blood contains, or the more acid the “reaction’ due to the
increased amounts of lactic acid or an increased tension of carbon
dioxide, the more readily does the oxy-hemoglobin undergo dis-
sociation.

Two experiments described by Barcroft show that the addition
of acids greatly acceierates the reduction of blood and that the
concentration of the acids necessary to produce approximately
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equal effects are those in which they produce equal increments
in the hydrogen ion concentration. In Fig. 8 it will be seen that
the time taken for mammalian blood containing 0.2 per cent.
lactic acid to be reduced by nitrogen, and for blood without lactic
acid to be reduced by 100 per cent. carbon dioxide, are indistin-
guishable. But blood containing either of these solutes requires
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F1Gs. 8 AND 9. Ratio of reduction of blood with a uniform stream of oxygen
free gas. Percentage saturation is shown vertically. Time in minutes is shown
horizontally. Fig. 8 shows a comparison with normal blood, with blood containing
lactic acid, and with blood reduced by carbonic acid instead of nitrogen. Fig. o
shows the approximate equality of M /130 HCI and A /i20 lactic acid in their
effects. (From Barcroft, 1914.)

about one tenth the time necessary for the same reduction with-
out acids. The blood is reduced from 100 per cent. saturation to
80 per cent. saturation, in about two minutes with the acids
present, and about twenty-two minutes with the acids absent.



FUNCTIONS OF SWIMBLADDER OF FISHES. 109

In Fig. 9 it will be seen that normal blood is reduced (the bubbling
was more rapid and the temperature higher) from 100 per cent.
to 35 per cent in fifteen minutes, while when it contained 1//130
HCL and A/120 lactic acid the same reduction was effected in
about six and one half and seven and one half minutes respec-
tively. Thus it becomes evident that the ‘‘reaction,” namely
the hydrogen ion concentration of the blood effects the reduction
of the blood; the amount of dissociation of the oxygen from the
oxyhemoglobin is in proportion to the increase in the hydrogen
ion concentration.

How may these facts be correlated with the conditions found
in the swimbladder of fishes? The abundant supply of blood
furnished to the swimbladder by means of the rete mirabile has
already been described. The question arises—is the gland which
includes the rete mirabile able to force the vascular system to
give it the oxygen which it may require in order to maintain a
pressure in the swimbladder equal to that at the depth to which
a fish is subjected? Does it perform this function by secreting
substances causing a dilatation of the blood vessels of the rete
mirabile, thus producing an increased flow of blood to the gland,
or do these substances accelerate the reduction of the oxy-hemo-
globin, or is it a combination of both these processes?

An attempt was made to determine the hydrogen ion con-
centration changes that might take place in the swimbladder.
In making the tests fish were quickly removed from the aquaria
and the spinal cord severed just posterior to the brain. The
body cavity was opened, the swim bladder gland raised by forceps
and cut free from the body, as little time elapsing as possible
during the operation. Care was taken not to get any of the body
secretions or fluids on the gland. The gland was then placed in
a small vial containing about five cubic centimeters of distilled
water, which was free from carbon dioxide, which had been
previously weighed. The vial was again weighed and the weight
of the gland computed. After standing for a definite length of
time (see Tables IX. and X.) colorimetric determination of the
hydrogen ion concentration was made. The vial was only
slightly agitated during the period of standing, in order to keep
the gland intact. Three cubic centimeters were pipetted off for
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the determinations. By this method the changes brought about
in the hydrogen ion concentration by substances present in the
distilled water were mainly dialyzed from the gland. It is only
those substances which do dialyze from the gland that are of
concern in this problem. In the first series of experiments the
yellow perch was used and a definite amount of gas was removed
from the swimbladder (five cubic centimeters) by methods
already described in the gas withdrawal experiments, page 83.
Care was taken not to injure the fishes more than was absolutely
necessary. A very small needle was used and the puncture was
made at the opposite end of the swimbladder from the gland.

TapLE IX.

DETERMINATION OF THE PH OF THE SWIMBLADDER GLAND OF NORMAL PERCH.

The gland was allowed to dialyze in 5 c.c. of distilled water free from carbon
dioxide, and 3 c.c. was pipetted for the colorimetric determination.

No. Weight of Gland. Time of Dialysis. pH.
Ko ou000000000c 0.215 gms. 30 min. 7.1
B 0 d0BOAGHG0G0 0.242 “ 40 6.9
Do o JAOEEROHNE 0.156 “ 30 “ 7.1
I o0.201 3o 7.1
Bocacocoooooaa 0.253 ‘¢ 3o 7.0
O, 0.104 “* 30 ‘ 7.1
Averages.......... 0.2I0 gms. 32 min. 7.05
TABLE X.

DETERMINATIONS OF THE PH OF THE SWIMBLADDER GLAND OF PERCH FOLLOWING
THE WITHDRAWAL OF 5 C.C. OF THE GAS FROM THE SWIMBLADDER.

A similar amount of the carbon dioxide free water was used as in the deter-
minations with normal fishes. The ‘duration of stimulus” of the decreased
internal pressure indicates the time between the withdrawal of the gas and the
removal of the gland from the fishes.

Duration Weight Time
No. of of of pH.
Stimulus. Gland. Dialysis.
Toeennnnn. 45 min. 0.287 gms. 30 min. 6.4
2 i 2 hrs. - 0.285 40 6.4
K P 2 0.178 40 6.3
Beveverennn 2 @ 0.242 3o 6.4
s &Soooococooooo 2 0.257 30 6.3
O 2 0.251 3o 6.4
Averages....... 0.250 gIns. 33 min. 6.38
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Autopsies were made to ascertain the extent of the injury due to
the puncturing and in no case was there any apparent evidence
of injury to the gland.

As a control in some cases the swimbladders of normal fish
were punctured with a sewing needle approximately the size of
the hypodermic needle. No gas was removed. The results are
shown in Tables IX. and X.

In the second series of experiments fishes were subjected to
high pressures for several hours. The apparatus as described
previously for pressure experiments, page 91, was used. The
pressure in the apparatus registered from thirty-eight to forty-
five pounds per square inch. The pressure was applied gradually

and removed gradually. The results of these experiments are
shown in Tables XTI and XII.

TaBLE XI.

DETERMINATIONS OF THE PH OF THE SWIMBLADDER GLAND OF NORMAL PERCH.

The gland was allowed to dialyze as in the preceding experiments; the same
amounts of the carbon dioxide free water were used.

No. Weight of Gland. Time of Dialysis. pH.
| 0.160 gms. 30 min. 6.9
-2 0.535 30 ¢ 6.8
[ SN 0.310 ** 30 7.0
) 0.316 20 7.0
Bocaooooo00000 0.305 ** 10 ** 7.0
©aoooob00accna 0.308 30 7.0
Faco0000000000 0.333 30 ¢ 6.9
8 0.314 ** 30 7.0
Average.......... 0.324 gms. 26 min. 6.96

These determinations show that the hydrogen ion concentration
of the swimbladder gland increases when the fish are placed
under pressure or when the pressure within the swimbladder is
diminished. When five cubic centimeters of the gas was removed
from the swimbladder the hydrogen ion concentration of the
glands averaged 6.38 as compared with 7.05 of the controls.
When fish were subjected to an increased pressure the hydrogen
ion concentration of the glands averaged pH 6.64 as compared
with pH 6.96 of the controls.

The swimbladder gland consists of connective tissue, a bed
of capillaries, and a thick layer of epithelium (Plate I). Increase



112 F. G. HALL.

TaBLE XII.

DETERMINATIONS OF THE PH OF THE SWIMBLADDER GLAND OF PERCH SUBJECTED
TO AN INCREASED PRESSURE.

These were made similar to those described in Table XI. The ‘“‘duration of

stimulus” indicates the time to which fishes were subjected to external pressure.

Duration Pressure Weight Time
No. of 1bs./ of of pH.
Stimulus. sq. in. Gland. Dialysis.
250000 40 min, 38 0.122 gms. 30 min. 6.8
Rooco o 40 ¢ 38 0.205 “* 30 6.8
3eeenn 140 45 0.1904 ** 30 6.4
F: I 140 “ 45 0.210 ‘¢ 30 6.9
Seeen. 6 hrs. 45 0.302 30 6.3
CR. 6 45 . 0.405 ** 30 6.3
Hoooo d 6 45 0.745 ** 3o 7.0
Bacooo 6 45 0.330 3o 6.6
o coo o 6 45 0.365 30 6.7
Average .. 4 hrs. 43 0.331 gms. 30 min. 6.64

in the acidity is evidently produced in the epithelial cells and
acid dialyzes into the capillaries. Two things may be produced
in the capillaries: (1).an increase in the calibre of the capillaries;
(2) a more complete dissociation of oxygen from oxy-hemoglobin.
In either case more oxygen would be furnished to the gland.
By increasing the calibre of the blood vessels more blood is
brought to the gland and by a more complete oxygen dissociation
a greater oxygen tension results. It is not possible to account
for the greater oxygen tension in the swimbladder by the first
means; by the second, however, where the local tension of oxygen
might be so high, it is possible to see how the oxygen tension in
the swimbladder might be considerably higher than in the
general arterial system. If this hypothesis be correct it is easy
to undersrand the purpose of the great mass of capillaries. The
function on the thick layer of epithelium is also explained.
Just what the nature of the effective acid is can not be stated at
present. Perhaps further investigation will reveal its character.

Another observation which seems to support the view just
proposed relates to the change in size which the gland undergoes.
It is noticeable that there is an increase in the size of the swim-
bladder glands that have been stimulated. They also appear
redder in color. The increase in size is evidenced also by the
increase in weight shown in Tables IX.—XII. The average
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weight for the normal glands of perch was 0.267 grams as com-
pared with 0.290 grams for glands of perch subjected to pressure
stimuli. A considerable variation occurs in the cutting of the
glands free from the swimbladder, and these figures are not
absolute quantitative comparisons; nevertheless they may be
taken as indicative.

It is probable that afferent nerves perhaps located in the walls
of the swimbladder that are sensitive to changes in pressure
aid in the regulation of the specific gravity of the fish. Bohr
(1893) showed that the wvagus exerts a control over the gas
secretion in the swimbladder. Its control is very likely a matter
of stimulating the swimbladder gland to secrete. For example
when a perch sinks into deeper water the pressure outside
increases. In order to maintain its equilibrium, the perch must
increase the amount of gas in the swimbladder. It does this
by taking oxygen from the blood. When the fish rises in the
water oxygen must be re-absorbed by the blood. When the
fish 1s not changing its depth appreciably the gas content of the
swimbladder is probably maintained by simple physical diffusion
of the gases from the blood, but when a greater difference of pres-
sure is met with the secretory process comes into play.

The mechanism by which those fishes which have a duct
leading from the swimbladder maintain their equilibrium in the
water has not been studied in detail. Whether the process of
gas diffusion is fundamentally different in such fishes can not be
stated. Further investigation will be made using such fish as
carp, dogfish, and trout. In all events some modifications may
be expected for no such highly specialized organ as the rete
mirabile exists in these forms.

The writer’s hypothesis of the mechanism by which the swim-
bladder is able to regulate the specific gravity of the fish, is not
intended as a complete explanation of all the processes involved
in gas secretion. It does however offer a chemical and physical
explanation of a very controversial matter. The swimbladder
of fishes offers unusual opportunities for the study of physiological
processes accompanying gas secretion and no doubt new facts
may be learned from them of fundamental biological importance.
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SUMMARY.

1. The normal gascous content of the swimbladder of fresh-
water fishes near the surface is approximately that of the atmos-
phere. The composition varies with the species, bressure,
temperature, amounts and kinds of dissolved gases, and with
the seasons of the year.

2. When fishes are placed in water containing little or no
oxygen the oxygen in the swimbladder diminishes; indicating
that the swimbladder may act as a reservoir on which the blood
may draw for oxyvgen in times of need. A perch is enabled to
go into water of low oxygen content without asphixiation.

3. The effect of increased pressure in the surrounding water
is to increase both the percentage of oxygen and carbon dioxide
in the swimbladder.

4. If carbon dioxide is increased in the medium in which perch
are living, the volume of the fishes is changed and the fishes auto-
matically rise in the water. This response would be of adaptive
value, causing the fish to move out of deeper water containing
larger amounts of carbon dioxide into the safer zones above.

5. The primary function of the swimbladder of most of the
fresh-water fishes is hydrostatic.

6. Perch apparently possess no voluntary muscular control
over the size of the swimbladder.

7. Under conditions where high oxygen percentages were
found in the swimbladder, a higher tension of the gases existed
than in the blood. Thisindicates an active secretion.

8. Under conditions where fishes are not changing their depth
rapidly, the gases in the swimbladder are probably kept constant
by simple diffusion of gases from the blood.

9. A “rete mirabile’’ partially surrounds the walls of the swim-
bladder and furnishes a rich supply of blood. It is apparently
the means by which the gases are transferred from the blood to
the swimbladder.

10. The mechanism by which gas is secreted into the swim-
bladder can apparently be explained on a chemical and physical
basis. The writer's experiments show that the hydrogen ion
concentration of the swimbladder gland is increased by external
stimulation. This indicates the secretion of a substance by
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the gland which may aid in the secretion of gases into the swim-
bladder. The apparent secretion of oxygen is believed to be
brought about by (a) an increased flow of blood because of the
dilatation of the capillaries and () an increased tension of the
oxygen due to the local dissociation of oxygen from oxy-hemoglo-
bin.

11. The swimbladder is a mechanism which enables the fish
to actively maintain its stability in the midst of changing external

conditions.
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Prate L.

Photo-micrographs of the swimbladder gland showing the glandular epithelium,
g.e.; and the rete mirabile, ».m. From perch.
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Prate II.
X-Ray of Yellow Perch.

X-Ray of Largemouth Black Bass.
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X-Ray of Sunfish.
X-Ray of Blue-gill.
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X-Ray of Gold-fish.
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THE GROWTH OF MARINE ANIMALS ON SUB-
MERGED METALS.

G. H. PARKER,

Z06L0GICAL LABORATORY, HARVARD UNIVERSITY,

In the course of some experiments on the fouling of the bottoms
of metal ships, it became apparent that there is a great difference
in the ease with which marine animals grow on various metals.
To determine the character of this growth, metal plates were sus-
pended for the summer months in a floating wooden frame in the
Eel Pond at Woods Ilole, Mass. The Eel Pond is a shallow body
of salt water almost land-locked, but with a strong tidal circulation
and with an abundant marine fauna. The plates were set out early
in July and were taken in at the end of August or early in Septem-
ber. In the first year a number of common metals were tested as
well as metals covered with various paints. In the second year,
beside metals and paints, a number of metal couples were tried
In the third and final year only metals and metal couples were
used. The present paper has to do merely with metals and metal
couples. The work was done at the Marine Biological Laboratory,
at Woods Hole, Mass., to the director, Dr. F. R. Lillie, and the
officers of which T am under obligations for many courtesies.

The metals used in these tests were the common commercial
metals aluminum, zine, iron, tin, lead, and copper. They were
suspended in a wooden frame so as to be in solid contact with noth-
ing but wood, no metal touching them. Each plate was square,
measuring about 15 cm. on a side, and was composed of either one
metal or a pair of metals doubly overlapped and hammered to-
gether, thus making a seam through the middle of the plate. The
plates were suspended vertically so that their upper edges were
about 20 em. under water.

Animals soon appeared on many of the plates and in some in-
stances grew with great luxuriance. In no case, however, was the

9 127
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growth so rich as on iron plates covered with certain non-poisonous
paints. After six weeks' submergence such plates were often cov-
ered with a growth of animals two centimeters thick and so dense
that the surface of the plate could nowhere be seen. Thus of all
the metals tested, none were so favorable for growth as certain
painted surfaces.

The ammals that were found on the plates were five common
sessile species. Two of these were bryozoans, Bugula turrita
(Desor) and Membranipora pilosa (Linn.), two were tunicates,
Molgula manhattensis (Dekay) and Botiyllus schlosseri (Pallas),
and one was the common barnacle, Balanus cburneus Gould. Tt
is remarkable that the plates were without significant vegetable
growth.

The plates exposed represented 36 different habitats: 6 on dif-
ferent single metals and 30 on the 15 possible couples. Of these
36 habitats, 30 were occupied by animals.

Bugula was the most generally present.  On all the plates where
animal growth occurred at all Bugula was found. The fact that
Bugula is a colonial animal and that the colony is attached to the
substrate by a very small stalk explains how it could grow from a
surface on which another animal 1 consequence of more intimate
relations to the poisonous substrate could not gain a footing. In
the 30 situations occupied by Bugula the colonies showed great
differences m size and in vigor. The largest colonies on plates
that had been in the water 53 days measured 2.3 cm. in height.

Botryllus is the second animal in frequency of occurrence, hav-
ing been found 28 times in a possible 36.  The largest colonies on
plates that had been 53 days in the water measured about 5 cm. in
diameter.

Membranipora, the third animal, occurred 27 times in a possible
36.  The flat colonies of this bryozoan were usually almost circular
in outline and the largest formed after 53 davs’ immersion meas-
ured 2.4 cm. 11 diameter.

Molgula and Balanus each occurred 26 times in a possible 30.
After a submergence of 53 days the largest Molgula measured
about 1.5 cm. in diameter and the largest Balanus had a diameter
of about one centimeter and a height of about half that amount.

The relations of the animals to the various metals can best be
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considered by taking the single metals first. The conditions of
these metals and the kinds of growth that they harbored are indi-
cated in Table I. and on Plate [. All the metals were acted on by
the seawater; Al Zn, Sn, and Pb were slightly corroded, Fe was
rusted, and Cu was coated green. A general growth of all five
animals to a maximum extent occurred on Al, Fe, and Pb, and a
similar growth though to less extent on Sn. Zn carried only a
very small amount of Bugula and Cu was without any growth at
all.  In general the metals fall into two groups, Cu and Zn with
practically no animals upon them and the other four metals sup-
porting large growths of this kind.

TaBLE I.

Tue Six CoMMON METALS USED IN THESE EXPERIMENTS ARRANGED IN THE
ORDER OF THEIR SOLUTION PRESSURES (ELECTROMOTIVE FORCES).

The effect of the seawater is indicated under the heading State of metal.
When all five animals are present the term general is used in the table; when
fewer are present they are designated by their generic names. A rough esti-
mate of the amount of growth on the plates is indicated by numbers with 10
as the maximum.

Metal. Al Zn. Fe. Sn. Pb. Cu.
Solution pressure
in volts (H scale) | —1.27 —0.76 —0.43 —0.14 —0.13 +0.34
State of metal . .| Locally | Slightly | Rusted | Slightly | Slightly Green
corroded | corroded corroded | corroded | coating
Animals........ General, | Bugula, | General, | General, | General, | Absent,
10 0.2 10 6 10 0

Professor A. B. Lamb, who has given me much help with the
chemical side of this problem, has pointed out to me that the marine
corrosion of the six metals tested is influenced by other factors
than simply their solution tendencies. Among these factors are
the solubilities of the hydroxides and basic carbonates of these
metals in seawater and the tenacity with which films of these sub-
stances cling to the metallic surfaces. Aluminum hydroxide is only
sparingly soluble in seawater and forms a firmly adherent coating.
Zinc hydroxide and basic zinc carbonate are more soluble and cling
less tenaciously. Hence Al will not corrode in seawater so quickly
as Zn does. For similar reasons Sn and Pb, though having higher
solution pressures than Cu, will actually be less corroded than Cu.
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Reasoning from this standpoint, the relative corrosive capacity in
seawater of the six metals used in these tests will be in the approxi-
mate order Zn, Al, Fe, Cu, Pb, and Sn.

The poisonous effects of these metals on marine animals will
depend upon the intrinsic toxicity of their ions, relatively high for
all heavy metals, and the solubilities of their hydroxides and basic
carbonates in seawater. These solubilities in the case of Fe, Pb,
Sn, and Al are in amounts inappreciable; in other words, these
metals in seawater are not surrounded by a layer of poisonous ions
and hence animals may grow upon them. In the case of Zn and
Cu, on the other hand, the corresponding compounds are appre-
ciably soluble in seawater and the poisons thus liberated prevent
the growth of animals upon these metals. Thus the presence or
absence of poisonous ions or compounds is what determines
whether a given metal will be covered with animal growth or not.

TarLe 11.

CouPLES BETWEEN AL AND THE Five OTHER METALS, ALL oF \WHICH STAND
BELOW AL IN THE ELECTROMOTIVE SERIES.

Metal Zn. Fe. Sn. 12X, Cu.
State of Al | Uncorroded | Many lumps | Very many | Covered with| Covered with
of whitish lumps of | whitish whitish
corrosion whitish corrosion corrosion
corrosion
Animals . .| General, 10 | General, 7 Botryllus, General, 7 General, 6
Bugula, 6

The animals are indicated as in Table 1.

In the metallic couples the metal with the highest solution pres-
sure was Al.  All the metals with which it was combined should,
therefore, render it active. So far as its solution pressure is con-
cerned, it is so near the next metal in the series, Zn, that it re-
mained, when combined with this metal in seawater, practically
uncorroded. In all other couples corrosion was evident and in-
creased in amount as the series was passed over from Fe to Cu
(Table I1.). Since, however, the products of this corrosion are
practically insoluble, a general growth of animals in fair amounts
occurred on all the Al members of couples excepting one. In this
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couple, Al and Sn, the Al member carried only Botryllus and
Bugula, though these were present in considerable amounts. This
limitation may have been due to poisonous Sn ions which appar-
ently checked growth in another instance to be referred to later
(Fe).

The second metal to be considered is Zn. This stands below Al
in the electromotive series, but above Fe, Sn, Pb, and Cu. \When
combined with Al, it remained uncorroded in seawater (Table ITI.
and Plate I1.). \With Fe and Sn it corroded slightly and with Pb
and Cu much more. A small amount of Bugula grew on it when
it was combined with Al, where it must have been relatively in-
active. In all other combinations animals were absent probably
because its activity resulted in the formation of an abundance of
Zn ions or soluble Zn compounds.

Tasre ITI.
COUPLES BETWEEN ZX aND THE Five OTHER MEerars, ONE oF WHICcH, AL.
STANDS ABOVE ZN, aND Four oF WHicH, FE, Sx, P, axp Cu, STAND
BELOW ZX IN THE ELECTROMOTIVE SERIES.

S _ —_—
Coupled Metal. | Al ’ Fe. ‘ Sn. Pb. Cu.
|
Stateof Zn........... Uncorroded | Slightly | Slightly | Corroded | Corroded
corroded | corroded
Animals. ... .......... Bugula, 2 Absent, o | Absent, o [ Absent, o { Absent, 0

The animals are indicated as in Table I.

The third metal is Fe, which stands below Al and Zn and above
Sn, Pb, and Cu in the electromotive series. \When combined with
Al and with Zn, it was not much acted on by seawater (Table IV.),
but in combination with Sn, Pb. and Cu it rusted freely.

TapLE IV.

CouPLES BETWEEN FE axXD THE Frve OTHER Merars, Two oF WHICH, AL AND
Zx~, Staxp aBove FE, aAxp THREE oF \WHIcH, Sx, P, axp Cu, STaND
BRELOW Fr IN THE ELECTROMOTIVE SERIES.

Coupled 5
Metal. Al Zn. Sn. Pb. Cu.
State of Fe. .| Gray and Gray and granular Rusted Rusted Rusted
granular
Animals. . ... General, 10 | Botryllus, Bugula, General, | General, | General,

Membranipora, 3 2 5 8

The animals are indicated as in Table I.
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In the inactive condition, when coupled with Al, a general vigor-
ous growth of animals took place (Plate I11.), and the same would
probably have occurred in the Zn couple had it not been for the
poisonous Zn ions or compounds liberated by the Zn half-plate.
When paired with Sn, Pb, and Cu, the growth was general, though
often not large in amount. The occasional small quantities were
probably due to the physical dithculty presented to the animals of
maintaining a foothold on a plate that was continually sloughing
its outer layer.

The fourth and fifth metals are Sn and Pb.  In the electromo-
tive series Sn stands below Al, Zn, and Fe and above Pb and Cu,
and Pb stands above only Cu. The corrosion of Sn and of Pb in
seawater follows expectancy in that Sn corrodes only when it is
combined with Pb and Cu, and Pbh only when it is combined with
Cu (Tables V. and VI.). Since in all the combinations the Sn
and the PDb are either inactive or give rise to products almost in-
soluble and hence not ionic, it follows that a general growth of
ammals is to be expected on Sn and Pb in all combinations, and
such appears to be the case (Tables V. and VI. and Plate IV.).

TapLE V.

CoupPLES BETWEEN SN AND THE Five OtHeEr Metars, THREeE oF WHICH, A,
Z~, axp Fg, STAND ABoveE SN, axp Two oF WaicH, Pe anxp Cu,
STAND BELOW SN IN THE ELECTROMOTIVE SERIES.

Coupled Metal. Al Zn. Fe. ‘ Pb. Cu.

Corroded Corroded
General, 6 | General, 8

State of Sn.....|Uncorroded | Uncorroded { Uncorroded
Animals. . ..... General, 7 | General, 3 | General, 5

The animals are indicated as in Table 1.

. -
T'apLe VI
CourLeEs BETWEEN PB anxp THE Five OTHER Mertars, Four oF WHicH, Ar,
Z~, FE, AND SN, Staxp apove Pr, aNp ONE oF WHicH, Cu, STANDS
BELOW PB 1IN THE ELECTROMOTIVE SERIES.

Coupled Metal. Al Zn. Fe. Sn. Cu.

State of Pb..... Dark Dark Dark Dark Whitish
smooth smooth smooth smooth coating

Animals. . . ....| General, 10 | General, 5 | General, 10 | General, 9 | General, 7

The animals are indicated as in Table I.
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In both instances the relative small amount of growth when Sn
and Pb were combined with Zn is probably due to the Zn ions or
compounds from the neighboring Zn half-plate rather than to the
Sn and Pbh themselves.

The last metal in the set is Cu, which 1s below the other five in
the electromotive series. In combination with Al Zn, Fe, or Sn,
the half-plate of Cu in seawater remained bright and uncorroded
as was to be expected. \When combined with b, however, it ac-
quired a green coating like that which it developed when, as an
isolated single metal, it was exposed to seawater. The solution
pressure of PD is so near that of Cu that probably the PD is unable
to protect the Cu in the way that the other metals do, and hence
when it is combined with b, Cu corrodes (Table VII.).

TaprLe VII.

CourrLes BETWEEN CU anxD THE Five OtHeEr METALS, ALL oF WHICH STAND
ABOVE CU IN THE ELECTROMOTIVE SERIES,

Coupled Metal. Al Zn. Fe. Sn. Pb.

State of Cu. .. .|Uncorroded | Uncorroded | Uncorroded | Uncorroded Green
coating

Animals. . ..... General, 10 | General, 5 | General, 5 | General, 3 Absent, 0

The animals are indicated as in Table I.

Although Cu, when immersed by itself in seawater, is absolutely
free of animal growth, it will support a maximum general growth
when rendered inactive by Al. This general growth is also present

" when the Cu is united with Zn, with Fe, and with Sn. but the
quantity falls off as one passes down the series from Al to Sn
(Plate V.). Cu has long been known to be most poisonous to the
lower organisms and the Cu ions liberated from this metal, when
it 1s immersed alone in seawater, are without doubt the occasion of
this quality. It is interesting to observe that in the Cu couples
used in these tests the animal growth was at a maximum only with
Al and diminished in sequence with Zn, Fe, Sn till it reached noth-
ing with Ph.  The orderly diminution in the organisms of different
Cu couples just pointed out probably indicates that the Cu was
completely inactive only when paired with Al, and that when it was
paired with the other metals lower in the electromotive series a
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very slight but increasing activity appeared, which, though ex-
tremely small, was sufficient to check growth. The Cu series also
illustrates a historical discovery made by Sir Humphrey Davy, who
in the early days of electrochemistry showed that copper-covered
ships’-bottoms could be kept from corroding by coupling the Cu
with Fe, but that under such circumstances organisms grew upoit
the Cu in great abundance and thus defeated the object for which
the Cu had been applied. It is not impossible, however, that in
seaside laboratories and aquaria, where it may be convenient to
conduct seawater through copper pipes, the deleterious effect of
the Cu can be overcome, at least for short distances, by combining
it with some metal high in the electromotive series, such, for in-
stance, as Al

The observations contained in this paper lead to the conclusion
that marine animals will grow upon any heavy metal, provided that
metal does not liberate ions or soluble compounds. The ions and
soluble compounds of the heavy metals are usually extremely
poisonous and where they are liberated freely from a metallic sur-
face that surface is protected against organic growth. Such seems
to be the case with Zn and Cu. WWith Al, Fe, S, and Pb the
products of marine corrosion are essentially insoluble and hence
organisms grow upon these metals in the sea. By coupling Cu
with members higher in the electromotive series, this metal can be
rendered chemically inactive in seawater and, under such circum-
stances, animals will grow freely upon it. Zn in this respect is
much less easily controlled, for it lies high in the electromotive
series and consequently it is not open to the electrochemical pro-
tection that Cu is. Its compounds, moreover, are relatively freely
soluble and thus become very effective in checking the growth of
animals.

Prate 1.

Photographs of plates, 15 cm. square, of six different metals which, after a
submergence of about six weeks in seawater, were more or less covered by
organic growth: 1, aluminum; 2, zinc; 3, iron; 4, tin; 5, lead; 6, copper. For
these and the succeeding photographs the author is indebted to Mr. George
Nelson,
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Prare II.

Photographs of metallic couples in the form of plates, 15 cm. square, more
or less covered by organic growth after a submergence of about six weeks in
seawater. The series illustrates zinc combined with five other metals as indi-
cated by the symbols on the plate.
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Prate 111,

Photographs of metallic couples in the form of plates, 15 cm. square, more
or less covered by organic growth after a submergence of about six weeks in
seawater. The series illustrates iron combined with five other metals as indi-
cated by the symbols on the plate.
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Prate IV.

Photographs of metallic couples in the form of plates, 15 cm. square, nore
or less covered by organic growth after a submergence of about six weeks in
seawater. The series illustratcs tin combined with five other metals as indi-
cated by the symbols on the plate.
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Prate V.

Photographs of metallic couples in the form of plates, 15 em. square, more
or less covered by organic growth after a submergence of about six weeks in
seawater. The series illustrates copper combined with five other mietals as
indicated by the symbols on the plate,
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DEVELOPMENT OF THE COMPOUND EYE OF DRO-
SOPHILA MELANOGASTER AND ITS
BAR-EYED MUTANT.?

JOSEPH KRAFKA, JR,,

UNIVERSITY OF GEORGIA, ATHENS.

A histological examination of the compound eye of Drosophila
melanogaster Meig., and its bar-eyed mutant, was made to deter-
mine its chronological development. The origin of this mutant is
known (Tice, 1914). Its germinal behavior has been shown to be
sex linked (Tice, 1914). [ts major and minor fluctuations in the
homozygous condition have been given an exact expression by
Zeleny and Mattoon (1915), May (1917), and Zeleny (1917),
while the réles of the various environmental factors have been
evaluated by Seyster (1909) and Krafka (1919-20).

The number of facets that are to form the compound eye of the
bar-eyed mutant is determined by the temperature at which the
larva passes a specific stage in development. This period is defi-
nitely established as the third day of larval life when the tempera-
ture is 27° C. (Krafka, 1920).

The present paper establishes the condition of the imaginal disks
at that time and describes the subsequent changes that take place
in the growth and differentiation of the ommatidia through the
late larval and the pupal periods.

Entire larve, pupe, and adults were fixed in Bouin's picro-
formol solution, representing developmental material of 24-hour
intervals over the entire life history. Records were kept of the
matings, fixation of material, and temperature. The latter ranged
from 25° C. to 28° C. Hot water and hot Gilsson’s fluid were
used with some success. For cell detail, the brain, cord, and imag-
inal disks were dissected out and fixed in Flemming’s strong solu-
tion.?

1 Contribution from the Zoological Laboratory of the University of Georgia,
No. s.

2 Acknowledgments are due Mr. Shelley C. Davis for drawing Fig. 8.
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Weismann (1804) was the first to show the relation of the imag-
inal disks to adult structure. The development of these disks can
be readily followed in Drosophila either by direct dissection or by
serial section.

The primordia of the imaginal disks of the compound eye arise
as invaginations of the so-called pharynx, with which they retain
their connection by a delicate membrane. They can be found as
late as the two-day larva, anterior to and independent of the brain
or supra-esophageal ganglia (Fig. 1).

The posterior migration of these disks results in their fusion
with the anterior aspects of these ganglia. This connection is of
a membranous character and the disks and brain may be readily
removed together in dissection. This condition is met within the
three-day larva (Fig. 2). As determined by temperature experi-
ments on the bar-eyed mutant, this is the critical period in facet
formation. -

That the rudiments of the ommatidia are fixed at this time is
shown by the peculiar arrangement of cells in the imaginal disks
of the four-day larva. Four terminal cells and six basal cells,
arranged around a deeply staining axis, form a cylindrical unit
that is repeated over the entire inner surface of the imaginal disk
(Figs. 3 and 4).

Pupation occurs on the fifth day of larval life. The imaginal
disks take their position as a part of the body wall of the pupa.

On the sixth day the various parts oi the dioptric apparatus are
ctearly recognizable as such. The rudimentary ommatidia are
spherical in shape, with four terminal pseudocone cells and six
retinule cells arranged around a rhabdome. The ommatidia are
supported by a double row of pyramidal cells, one basal and the
other peripheral. The peripheral cells underlie the short optic
bristles (Figs. 5 and 06).

Material slightly more advanced shows an elongation of the
retinulee cells and the rhabdome. The outer surface of the four
pseudocone cells is convex and a very thin cuticula has formed.
This separates from the ommatidia in the process of fixation in
the same manner as the corneal facets (Iig. 7).

By continued elongation the rhabdome and the retinule cells
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reach their ultimate length. The four pseudocone cells are stilt to
be found in the vesicle formed by the supporting cells on the
seventh day. They lie immediately below the corneal facets which
have now become more decidedly plano-convex. No so-called
optic cup is present at this time, but an examination of the living
fly shows the beginning of the formation of pigment (Figs. 8
and 9).

The eye 1s completed on the eighth day by the cupping of the
pseudocone, leaving the four pseudocone nucleir surrounding the
end of the rhabdome at the apex of the cone (Fig. 10).

The adult leaves the pupal case on the ninth day.

This brief résumé of the ontogeny of the compound eve presents
some interesting problems in correlative development. Kopec,
1922, by the removal of the ganghia of the caterpillars of Lymantria
dispar L., after their last moult, showed an entire independence of
the development of the optic apparatus and the brain. In Dro-
soplila it has been shown, however, that the ultimate structure of
the eyve is determined very early in larval life. The subsequent
removal of the brain would not be expected to influence further
development. The present study shows the forerunners of the
ommmatidia to be structurally present on the fourth day of larval
life.

That the nervous system and the dioptric system are closely cor-
related in their development is further shown by the striking re-
duction in the size of the optic ganglion in the bar-eved mutant.
When compared with that of the full-eyed fly it is seen to be less
than half as great in diameter (I7ig. 11).

STUMMARY.

1. The cell groups, representing the primordia of the ommatidia
of the compound eye of Drosophila melanogaster, have been found
m the four-day larva.

2. The fusion of the imaginal disks and the supra-esophageal
gangha take place on the third day of larval hife.

3. There is a correlation between the development of the nervous
system and the dioptric apparatus, as shown by the reduction in
the size of the optic tract in the bar-eyed mutant.
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EXPLANATION OF FIGURES.
Prate L.

Fic. 1. Frontal section through the anterior end of a two-day larva. The
imaginal disks (I) of the compound eye are shown attached to the so-called
pharynx and are far removed from the supra-esophageal ganglia (G). 300 X.

Fic. 2. Sagittal section through the anterior end of a three-day larva.
The imaginal disk () is shown in union with the brain. 300 X.

Fic. 3. Section through the imaginal disk of a four-day larva. The cells
are arranged around a central axis, while the groups correspond to the omma-
tidial arrangement in the adult. 1300 X.

Fi6. 4. Section through the imaginal disk of another four-day larva. The
rudiments of the ommatidia appear as rosettes of four or six cells in cross-
section. 2100 X,

F1c. 5. Cross-section of the head of a two-day pupa (sixth day), showing
the compound eye in place and the ommatidia present as such. The latter are
connected to the optic tract by nerve fibres. 300 X.

Fic. 6. The same ommatidia greatly magnified. The rhabdome, six retinu-
le cells, the supporting cells, and the bristles are all clearly shown. The fig-
ures at the side represent cross-sections at two different levels. 1300 X.

F16. 7. Longitudinal sections through the ommatidia of a pupa slightly
older than that of Fig. 6. 1300 X.
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Prarte 11,

Frc. 8. Cross-section of the head of a three-day pupa (seventh day). The
facets (F), pseundocone cells (P), rods or rhabdome (R), and the basement
membrane are practically complete. Epc is the epiopticon. 300 X.

Fi6. 9. Enlarged outline drawing of two ommatidia in this stage. 1300 X.

Fic. 10. Outline drawing of two ommatidia of the adult. The figures at
the side are cross-sections of an ommatidium at various levels. 1300 X.

Fic. 11.  Composite drawing of the head of a bar-eyed mutant (at the left)
and a full-eyed wild aduit (at the right) to show the striking reduction in the
size of the optic tract in the former. 200 X. BO is the optic tract of the
mutant, O is that of the full-eyed wild stock.
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INTRODUCTION.

In a list of Protozoa to be found in tadpoles Hegner (’22) men-
tions the discovery of a Euglena-like flagellate with three flagella
together with other euglenoid forms. The writer had also discov-
ered the three-flagellated species in tadpoles previous to the publi-
cation of Hegner's note and presented a brief account of its struc-
ture and variations at the meeting of the American Society of
Zodlogists, December, 1922 (Wenrich, '23). More recently Heg-
ner (’23) has published an account of his observations on this and
other euglenoids in tadpoles. Since no description of this organ-
ism has been found in previous literature, the name Euglenamor-
pha hegneri is proposed for it. It is the purpose of this paper to
describe this new species and especially its morphological varia-
tions.

MATERTIALS AND METHODS.
A few years ago the writer began the collection of material for

the study of the intestinal Protosoa of American Amphibia, giving
especial attention to the flagellates. Every opportunity to obtain

149
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material was taken and tadpoles were examined when available.
As reported by Hegner ('22), tadpoles were found to be abun-
dantly infested with intestinal protozoa and the relation of these to
the intestinal forms of -the adult Amphibia presented itself as an
interesting problem. A small pond in the botanical gardens of the
University of Pennsylvania harbors a goodly number of bullirogs
and their tadpoles which offered convenient material for the study
of this problem, and it was in the intestinal contents from these
tadpoles that Ewuglenamorpha was first recognized in June, 1922,
Of the 117 bullfrog tadpoles examined during the period from
May 31, 1922, to January 19, 1923, 68, or 38 per cent., were found
to contain Euglenamorpha. Most of these tadpoles were obtained
from the pond mentioned above. Tadpoles of Rana palustris col-
lected by Dr. C. L. Parmenter and fed on vegetation from the
same pond were also infested by this flagellate. T am much in-
debted to Dr. Parmenter for permission to examine his tadpoles.

During the summer of 1923, 35 tadpoles of R. palustris from
some collected and reared Ly Dr. Parmenter were examined and
21 or 6o per cent. contained Euglenamorpha, while of 30 bullfrog
tadpoles from the pond only 3. or 1624 per cent., revealed this
flagellate.  On the other hand, of 8 tadpoles of R. clamitans(?)
and 8 of Hyla versicolor examined at Woods Hole, Mass., every
one contained Eunglenamorpha.

The colorless variety (described bevond) was frequently found
in the bullfrog tadpoles during the summer of 1922, but has not
been found in any of the tadpoles of K. palustris nor in the tad-
poles of any of the species examined in 1923.

An examination of slides made from the rectal contents of bull-
frog tadpoles collected from the pond in September, 19109, revealed
the presence of Ewuglenamorpha at that time, and it is probable that
it has existed there for an indefinite period.

This new flagellate is usually found in the rectum of the host
and 1s commonly more numerous i the middle and posterior re-
gions of that organ than in the anterior portion, which is favored
by most of the other entozoic species. Hegner ('23) found it in
the small intestine as well as the rectum in a number of cases and
active mdividuals have also been seen in freshly deposited feces.

The entozoic character of Euglenamorpha was established in a
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number of ways. At first it was considered possible that the
organisms had come from the surrounding water. Consequently
a number of tadpoles were killed by dropping them into Schau-
dinn's and Bouin's fixatives. They were then carefully washed in
sterile water and examined and found to contain the flagellates.
In other cases the tadpoles were opened and the entire digestive
tract removed and examined in salt solution without teasing. The
flagellates could then be seen swimming actively about in the lumen
of the rectum, thus proving their entozoic habit. The hundreds of
individuals that were sometimes present in smears made from the
rectal contents and fixed and stained also showed that they were
obtained from the tadpoles and could not have been derived from
an external source. Hegner's (’23) observations also leave no
doubt as to the entozoic character of Euglenamorpha.

For fixation of smears, Schaudinn’s fluid has been constantly
employed, although occasionally Bouin's fluid and Flemming’s both
stronger and weaker fluids, chrom-acetic, and sublimate-acetic were
resorted to, but with no apparent advantage. For staining, Heid-
enhain’s iron-alum-hematoxylin has been mostly employed, al-
though Delafield's heematoxylin and heemalum have also been used.
The first of these has always given the most satisfactory results.

All the figures except 1 to 6 have been drawn with a camera
lucida from slides fixed with Schaudinn’s fluid and stained with
iron-alum-hematoxylin.  Figures 1 to 6 are drawn from living
material on the same scale as the others. All are magnified about
1,100 diameters.

DESCRIPTIONS AND OBSERVATIONS.

. Diagnoses.

Euglenamorpha, new genus.  Diagnosis : characters like those of
Euglena except for the three to six flagella and the entozoic habit.
The Euglena-like characters include elongated body, presence of
chlorophyll and red stigima, vacuolar and pharyngeal apparatus,
nucleus with central carvosome surrounded by chromatin in the
form of granules or strands, periplast spirally striate, metabolic
activity. The distinguishing characters of the new genus are (1)
the presence of three to six flagella and (2) the entozoic habit.
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Euglenamorpha heguneri, new species. Since there are two
strikingly different although intergrading varieties, it seems de-
sirable to establish the green, three-flagellated kind which Hegner
discovered as the type variety and to regard the other one as a
variation.

Type form. Diagnosis: Euglenamorpha with body, when elon-
gated, generally cylindrical to cigar-shaped, tapering more at the
posterior than at the anterior end. Length, 30 to 55 microns, with
an average of about 45 microns. Width, 4 to 8 microns, with an
average of 5.5 microns. Green chloroplasts, paramylon granules,
and red stigma present. The three equal-length flagella are from
one-half to two-thirds the length of the body and each has a
spindle-shaped swelling on its root in the reservoir adjacent to the
stigma. Nucleus, generally compact so as to obscure the caryo-
some, commonly placed laterally near the middle of the body. Sur-
face strie fine, numerous, and usually spirally arranged passing
from the left over to the right. Habitat, rectum of tadpoles.

Variety pellucida. This variety has the body elongately conical,
widest a little behind the reservoir, tapering from there gradually
to a sharp posterior tip and more abruptly to the rounded anterior
end. Size, similar to the type variety, but averaging a little smaller.
Colorless or slightly greenish. Flagella mostly four or six, some-
times two, three or five, with no swellings on the roots. Reservoir
enlarged, nucleus expanded to width of the body, caryosome con-
spicuous and often multiple. Surface strizz prominent to absent,
generally spirally arranged passing from the right over to the left,
although they may have the reverse arrangement or lie parallel
with the long axis. Habitat, rectum of tadpoles.

B. The Two Varicties Compared.

When the two different varieties were first recognized their dif-
ferences were so striking that it was thought that they should go
into different species if not into different genera, but further study
makes it highly probable that the green (type) form transforms
into the colorless (pellicida) one. When typical individuals of
the two varieties are compared they are found to differ in almost
every detail.
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The form of the body of the green variety is well illustrated in
Figs. 1, 7, 8, and 9. It is more nearly cylindrical or cigar-shaped
as contrasted with the conical form of pellucida (Figs. 12 to 16).
In side view, the anterior end often appears obliquely truncated
with a notch which marks the location of the “ mouth.” There is
some variation in the posterior end and conditions as shown in
Fig. 2o are occasionally met with. The conical form of pellucida
i1s very constant in combination with the other characters of this
variety.

The surface striee of the typical green individuals are fine, nu-
merous, and take a sharply spiral course passing from the left over
to the right as shown in Fig. 7. Occasionally they may be parallel
to the long axis (Fig. 8) or even pass spirally from right to left
(Fig. 9). In contrast the strie of the pellucid variety usually pass
spirally from right to left (Figs. 21, 28, 33) or are parallel to the
long axis (Figs. 12 to 16). They may, however, occasionally show
the reverse spiral condition typical of the green variety. There is
considerable variation in the appearance of these strie in the pel-
lucid variety, with evidence of their gradual disintegration. They
are frequently less numerous (Figs. 12, 16, and 33) and often
between these few there are fainter ones (Fig. 13). In other cases
the strize appear to be breaking up (Fig. 15) and they may not
show at all. These various conditions indicate that with the trans-
formation of the green variety into the colorless one the strie be-
come reversed in position and may gradually disintegrate, a set of
alternate striee disappearing first. This latter feature is the reverse
of the process of adding new strie after division in euglenoids,
when new ones are interpolated between those carried over from
the parent.

The chloroplasts of the green variety are typically rounded disks
placed peripherally for the most part, but close enough together to
give the impression of a continuous green color. In some of the
cultures the chlorophyll became unevenly distributed, often disap-
pearing from one end or the other. In a few individuals it disap-
peared altogether in the cultures. Deeper in the protoplasm are
the smooth, refractive oval granules which appear to be paramylon
bodies. Usually'from two to three microns long by one and one-
half to two microns wide and numbering from a dozen to three
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dozen (Figs. 1 to 6), they are sometimes much smaller and more
numerous especially in individuals which are losing their chloro-
phyll.  In the cultures these granules often persisted for days or
weeks after the protoplasm of the individual of which they had
been a part had disintegrated. In the fixed and stained individuals
the chloroplasts persist as stained bodies (Figs. 7 to ), while the
paramylon granules disappear.

The nuclear conditions in the two varieties are of considerable
interest. In the typical green individual the nucleus is compact,
the chromatin granules and strands being so close together that
they obscure the caryosome (Figs. 7 and 8). The typical nucleus
is from one-half to two-thirds the diameter of the body and is
laterally placed. In transforming or possibly degenerating indi-
viduals the nucleus may expand to conditions approximating those
of pellucida (Figs. 10, 11, and 20). In the pellucid variety there
1s a marked tendency for the nucleus to hypertrophy. It expands
s0 as to approximate the diameter of the body and then elongates
atong the axis. This hypertrophy is accompanied by a multiplica-
tion of the caryosome, as many as four having been found in one
nucteus (Figs. 12 to 16). Hypertrophy apparently leads to ami-
totic division of the nucleus (Iigs. 32 to 35), which is probably
followed by division of the cell body (Fig. 36). Such amitotic
stages have not been found in the green variety.

The flagellar situation is somewhat puzzling. In the green form
more than three flagella have not been found, although prolonged
search has been made. These flagella take their origin from basal
granules just behind the reservoir and are separated for their entire
length passing through the reservoir, *“ pharynx,” and “ mouth ” to
the exterior. At a point in the reservoir nearest the stigma each
flagellar root has a spindle-shaped swelling which stains intensely
with heematoxylin. These chromatic swellings seem to be the most
constant character possessed by the green variety and in the fixed
and stained individuals serve readily to distinguish the type from
pellucida, where they are entirely absent.

In the colorless variety {rom two to six flagella have been found,
but the great majority have either four or six. In a count of two
hundred from a single slide 6, or 3 per cent., had two flagella; 7,
or 3.5 per cent,, had three; 87, or 43.5 per cent., had four; 21, or
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10.5 per cent., had five; and 79. or 39.5 per cent., had six. Indi-
viduals with two or three flagella (Figs. 36 and 26) may be daugh-
ters from a recent division. The significance of the four- and six-
flagellated condition is problematical, but will be discussed further
on. The two groups differ in size, it was found. A series of
four-flagellated individuals were found to range from 32 to 44
microns in length, with an average of 38.25 microns, while a series
of six-flagellated individuals averaged 45.6 microns in length, with
a range of 42 to 52 microns. The roots of the four or six flagella
are usually segregated into two equal groups, with the correspond-
ing groups of basal granules some distance apart in the posterior
wall of the reservoir. This condition is probably correlated with
the prevalent stages of amitosis found in the nucleus (Figs. 12 to
16 and 32 to 33).

The reservoir is regularly of larger size in pellucida than in the
type and the absence of other stainable material makes it easier to
distinguish the basal granules of the flagella in its posterior wall.
No rhizostyles extending from the basal granules toward the
nucleus have been found.

The stigma (s, Fig. 1), found only in the green variety, has a
structure similar to that of other Euglenoids, being a disk of closely
aggregated granules placed peripherally in the region of the reser-
voir adjacent to the swellings on the roots of the flagella. These
swellings and the stigma probably have some coordinate function
and usually disappear simultaneously in the transformation to pel-
lucida. The stigma does not persist in slides fixed and stained by
the usual processes, but did persist for a day or two in smears
fixed with osmic acid fumes and mounted directly in glycerine jelly.

Another difference between the two varieties 1s revealed in the
cultures where the type variety persisted much more readily than
did the colorless one. In certain cultures the green variety went
into a resting state where it divided (Figs. 4 to 6). In other cul-
tures they multiplied in the active state. The pellucid variety
showed neither of these conditions.

In the abstract already published (Wenrich, '23) it was stated
that division stages had not been seen for the green variety except
in cultures, and that this fact constituted one of the differences
between the two varieties, both mitosis and amitosis having been
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found in pellucide. Since then stages in mitosis have been discov-
ered in the type in fixed and stained preparations, but are rare,
having been noted on only two slides out of the many that have
been prepared. Amitosis has not been seen in the type, although
in those with expanded nuclei some tendency to a division of the
caryosome has been observed.

The stages of mitosis for the green variety (Figs. 22 to 23),
from the slide where they were the most numerous (they were
rare even here), seem to be accompanied by transformation into
the pellucid variety. The chlorophyll is reduced and the chromatic
swellings on the roots of the flagella seem to disappear gradually.
The sweltings are well shown in Fig. 22, are much reduced in Fig.
23, appear to be absent in Fig. 24, but traces can be seen in Fig. 23,
a later stage. The surface strize in all four stages are characteristic
of the type varicty.

Tapre 1.

A SuMMARY oF THE COMPARISON BETWEEN THE TwoO VARIETIES.

Characters. - Type variety. Varlety pellucida.
Body form........... Cylindrical or cigar- Elongately conical.
shaped.
Surface stri@......... Spiral, from left over to Spiral, from right over to
the right. the left, or longitudinal.
Flagella ............. Three. Usually four or six.
Swellings on flagellar
R0 0000000000000 Present. Absent.
Reservoir ............ Smaller. Larger.
Color ....vvuiviian.. Usually bright green. Colorless or slightly green-
ish.
Nucleus ....ovvvvnen. Usually compact; caryo- Expanded; caryosome con-
some obscured. spicuous, often multiple.
Results in cultures.... Assumed resting state; Failed to assume resting

multiplied ; persisted 5
months in one.
Rare in host;
some cultures.

Divisions rapid in

state, multiply, to
persist.

Rapid in host by both mi-
tosis and amitosis; not

in cultures.

or

The mitotic divisions of the nucleus of pelliucida (Figs. 27 to 31)

differ in no essential respect from those of the type.
to be a difference in the case of the flagella, however.

There seems
A double

number of flagella (4 or 6) is already present in pellicida and are
merely segregated into the two daughter cells, whereas in the type
additional flagella seem to develop during division. In Fig. 24
there were two groups of flagellar roots, but only three flagella

were seen on the exterior. In Fig. 25 the two groups of flagellar
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roots were still more plainly visible, but the external portions did
not show. The small individual with three flagella and a body
profile intermediate between the two varieties (Fig. 26) might well
be the product of such a division. In pellucida new flagella are
probably developed soon after division, since so many of them have
the even numbers, four or six. Fig. 36 might represent the prod-
uct of either mitotic or amitotic¢ division, and its small size and two
flagella indicate that it is a daughter of a four-flagellated parent.

A summary of the comparison between these two varieties is
given in Table 1.

C. Traunsition Stages.

Although the two varieties just described are so strikingly dif-
ferent in their typical forms, enough transition stages between
them have been found to make 1t almost certain that the green or
type variety transforms into the colorless or pellucid one. This
transformation probably takes place in more than one way. As
described above, the mitotic division of the green variety within
the host seems to be accompanied by the loss of the chromatic
swellings on the roots of the flagella (Figs. 22 to 25). The pres-
ence or absence of these swellings has proved to be the best cri-
terion in fixed and stained individuals for distinguishing between
the two varieties. Hence it seems probable that division of the
green variety is accompanied by transformation.

Transformation probably takes place directly without division.
Stages showing the gradual loss of chlorophyll accompanied by
the gradual swelling of the nucleus to the expanded condition char-
acteristic of pellucida are not hard to find (Figs. 9 to 11, 17 and
20). While this series of changes may lead to complete degenera-
tion as observed on some slides, in other cases they may lead to
the colorless variety. The chroma<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>